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Abstract 
 
In chemistry, intercalation by definition is a process that induces insertion of a molecule or 
ions into crystals with layered structures. The research regarding intercalation chemistry in 
layered transition metal dichalcogenides (TMDs) was initiated 40 years ago. However, the 
recent emergence of exfoliated planar two dimensional (2D) TMDs has brought fresh 
research curiosity to this area. 
As a key member of the 2D TMDs family, 2D molybdenum disulphide (MoS2), has recently 
attracted significant attention owing to its unique electronic and optical properties. 2D MoS2 
provides a good foundation to form planar intercalation compounds in a host–guest structure, 
which greatly changes its physicochemical properties.   
In this PhD thesis, the author focuses on the intercalation compounds of 2D MoS2 nanoflakes 
and their optical and electronic properties. Using these compounds, the author shows how the 
photoluminescence (PL) can be actively controlled, how to obtain plasmon resonances in 
near visible light range, how to implement this material in biosystems and how to reduce its 
hydrogen evolution reaction (HER) overpotential.  Based on the strategies and investigations 
by the author, the PhD project was conducted in four distinct stages that each resulted in 
novel outcomes. 
In the first stage, the author used an electrochemical approach to actively control the PL of 
liquid-phase-exfoliated 2D MoS2 nanoflakes via manipulating the amount of intercalated ions 
including Li+, Na+, and K+ into and out of the 2D crystal structure. It was revealed that this 
controlled intercalation allowed for large PL modulations, short response and recovery times, 
as well as excellent reversibility.  
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In the second stage, the author used the outcome of the work presented in Chapter 2 for the 
demonstration of plasmonic resonances in intercalation compounds of 2D MoS2. The results 
showed that the plasmon resonances in the visible and near UV wavelength ranges can be 
achieved. It was also revealed that the generated plasmon resonances can be controlled by 
doping level of 2D flakes. The system also exhibited a biosensing capability which was tested 
using a model protein.  
In the third stage, the author used the concept developed in Chapter 2 and demonstrated the 
ion exchanges in enzymatic activities and cell viability. The results showed that the 
intercalation of 2D MoS2 was enabled in enzymatic activities via an external applied voltage. 
The intercalation of ions in viable cells occurred in the presence of the intrinsic cell 
membrane potential.  
In the final stage, the author investigated enhanced HER performance based on the 
intercalation compounds of 2D MoS2. The author observed a notable improvement of HER 
activity for samples prepared under light illumination in the presence of Li+ containing 
solution.  
In summary, the author believes that the outcomes of this PhD research provide an in-depth 
knowledge of intercalation compounds for 2D MoS2. The author also believes that this study 
has contributed significantly towards practical applications of intercalation compounds in 
optical and electric areas.  
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Chapter 1. Introduction and Literature Review 
 
1.1 Motivation 
A main area in the chemistry of inclusion compounds is the investigation of the host–guest 
solids synthesised from the intercalation of atomic or molecular species into layered 
matrices.1 One of the most important subdivisions of this area is regarding ionic entities that 
are used as guest intercalants. The intercalation chemistry of ions into layered transition metal 
dichalcogenides (TMDs) has been well known since the 1970s.1 The intercalation process has 
been industrially used for making lubricants,2 catalysts3 and energy storages and generation 
systems.4 However, the recent demonstration of exfoliation of TMDs into planar two 
dimensional (2D) crystals has brought these materials into the centre of scientific research 
again. 
2D TMDs, in particular 2D molybdenum disulphide (MoS2), have attracted significant 
attention in recent years due to their unique electronic and optical properties.5-6 Depending on 
the S atoms arrangement, MoS2 usually exhibits two distinct crystal phases at room 
temperature: 2H with trigonal prismatic and 1T with octahedral coordination.7 The two 
phases can reversibly convert from one to the other through intra-layer atomic plane gliding, 
which involves a transversal displacement of one of the S planes.5 While the 2H phase 
features semiconducting electronic behaviour with a direct bandgap energy of ~1.9 eV for 
single atomic layer MoS2, the 1T phase demonstrates metallic properties. 2D MoS2 has found 
numerous applications including those in the development of field-effect transistors (FETs),8-
9
 photodetectors,10 energy storages,11 bio and gas sensors,12 and photovoltaics.13  
2D MoS2 also uniquely offer the possibility of creating planar intercalation compounds (host–
guest structures) with tailored electronic band structures and energy states. Intercalants have 
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been shown to drastically alter MoS2’ physicochemical properties, changing their electronics 
properties such as bandgap, band edges, free carrier concentrations and mobility.1, 5, 14 The 
intercalation process has also been shown to remarkably affect the mechanical and chemical 
characteristics of stratified MoS2 with reference to its intrinsic states.1, 15 However, the field of 
2D MoS2 intercalation is still in its infancy. The research area is currently predominantly 
limited to the investigation of inserting intercalants into bulk MoS2 and the important effects 
and differences on 2D MoS2 have yet to be explored. 
Considering this research gap, this PhD research will focus on exploring intercalation 
compounds of 2D MoS2, characterisations of their properties and their applications. The PhD 
investigations are broken down into several fundamental areas of studying the effect of 
intercalation on the photoluminescence (PL) of 2D MoS2, creating highly doped 2D flakes 
using intercalation and obtaining plasmon resonances in near visible light range, exploring 
biosystems that are based on the intercalation properties of 2D MoS2 and creating 2D flakes 
of reduced hydrogen evolution reaction (HER) overpotential. 
According to the aforementioned justifications and motivations, the objectives of this PhD 
work were planned which are presented in the following sections. 
 
1.2 Objectives 
1.2.1 Investigation of Electrochemical Control of Photoluminescence in Two-
Dimensional MoS2 Nanoflakes 
In 2013 a new optical phenomenon was demonstrated by Stengl and Henych that 2D MoS2 
nanoflakes with small lateral dimensions produce strong luminescence under UV light, which 
has been associated to the quantum confinement effect across the 2D planes.16 Due to such 
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characteristics, 2D MoS2 flakes demonstrate distinguishing features in striking contrast to 
their bulk counterpart, and are attractive for developing high performance optical devices 
including optical sensors, optical modulators, solar cells, and light-emitting diodes (LEDs).5 
The key for developing future applications of 2D MoS2, and other transition metal 
dichalcogenides in general is to find different ways of controlling their physical properties. In 
particular, the focus of this paper is to offer a means to electrochemically control their PL on 
demand. 
Applying changes to the surrounding electric field distribution has been shown as an efficient 
method to modulate and ultimately gate the 2D MoS2 band structure and hence its 
luminescent properties. Luminescence of 2D MoS2 can be electrically altered and gated with 
large applied voltages.17-18 As a result, by applying a high electric field, it is possible to adjust 
and modulate the PL.18 This effect is ascribed to the interaction of excitons with charge 
carriers due to the phase-space filling effect. Furthermore, PL in 2D MoS2 can be adjusted by 
pumping circularly polarized light.19-20 Additionally, it is known that the PL of stratified 
MoS2 can be tuned by altering the number of stacked monolayers, hence providing a base for 
their active control.21-22 However, it is practically a significant challenge to reversibly place 
the exfoliated monolayers in-registry atop each other. 
It is recognized that ion intercalation modulation is an efficient way for changing the band 
structure of bulk MoS2. The electronic structure of MoS2 can be electrochemically tuned, and 
indeed there is vast literature on the electrochemical intercalation of bulk MoS2.23-24 There are 
also recent reports demonstrating the electrochemical transduction modulation in field effect 
transistors based on 2D MoS2.25-26 
In the first step of this PhD research, the PhD candidate will explore his first hypothesis. He 
will use an electrochemical system to intercalate/deintercalate Li+, Na+, and K+ ions using 
4 
 
applied voltages against a reference electrode for tuning the PL in liquid exfoliated 2D MoS2. 
These ions are selected as it is known that they play vital roles in energy, bio and optical 
systems.27-29 The PhD candidate will study how these intercalated ions can modify crystal 
phase and electronic band structures of 2D MoS2. To create a comprehensive study, 
theoretical calculations will be added for demonstrating and discussing the operation 
principle of intercalating ions and their effects on the band structure, and consequently the PL 
of 2D MoS2. 
 
1.2.2 Investigation of Plasmon Resonances in Highly Doped Two-Dimensional MoS2 
To create practical nanophotonic devices at low dimensions, electromagnetic energy need to 
be confined and controlled well below the diffraction limits, the light waves should propagate 
at relatively low losses and the devices should favorably operate at commercial wavelengths. 
30-31
 Plasmon resonances in conventional metallic systems (e.g. gold and silver) can be 
described using collective electron oscillations excited by external light.32 They lead to strong 
confinements of electric fields near the surface of metallic materials, stimulating various 
surface effects such as enhanced absorption and Raman signal enhancement. However, due to 
the nature of the electronic structures in metals and that their free carrier concentrations 
cannot be readily controlled by various stimuli, tuneability of plasmon resonances is 
challenging for switching or modulation applications.32-33 
A material with a purely real and negative permittivity (ε″ = 0 and ε′ < 0) in all wavelengths 
would be an ideal plasmonic candidate, which is theoretically impossible to create due to the 
causality condition.32 One approach to achieve materials to at least satisfy the plasmon 
condition within selected wavelength ranges is to heavily dope semiconductors, creating 
enough free charge carriers to render them quasi-metallic.34 It has been shown that doping of 
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a selected semiconductors, such as Si, SeGe, GaAs, GaN, ZnO and indium tin oxide (ITO), 
can increase their carrier concentrations and tune them.32 By doping, metal-like optical 
properties (ε′ < 0) are achieved in the spectrum of interest. Drude equation sets a minimum 
limit for the carrier concentration that should be met before seeing plasmonic properties.32 
This is generally larger than 1021 cm−3 value for observing plasmonic peaks in the NIR and 
visible regions. 
Recently, plasmonics of 2D materials have attracted significant attention due to their 
desirable dispersion relation.35 According to the 2D dispersion equation, the cut-off 
frequency limit is eliminated.32 Additionally their large tuneability, high doping (ultra-doping) 
range and the existence of favorable depolarization factors allow for their better control. 
Amongst 2D transition metal dichalcognides, MoS2 has recently received increased 
attention.36-39 The demonstration of relatively large free charge carrier mobilities and 
revealing a direct bandgap in single layer MoS2 have been especially exciting discoveries in 
recent years.8, 21, 40 Challenges remain regarding the generation of plasmons in intrinsic 2D 
MoS2, which accommodates massive electrons (unlike graphene) and relatively low carrier 
concentrations (1012 to 1014 cm-3).35 Consequently, it has been theoretically shown that 
intrinsic 2D MoS2 plasmon resonances only appear at relatively low frequencies, in the far 
infrared and terahertz regimes.35 Hence, doping is crucial to increase the carrier concentration 
in order to obtain plasmon resonances at commercially useful wavelengths. Additionally, the 
demonstration of plasmon harvested energy at such wavelengths can be potentially used for 
in vivo therapeutic applications and catalysis.41 
The most commonly encountered polymorph of intrinsic MoS2 in 2D format is 2H with 
trigonal prismatic coordination. 2H MoS2 has two S–Mo–S units in the unit cell and shows a 
semiconducting behavior due to its atomic arrangement. In 1T metastable phase, which is 
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metallic with high free carrier concentration, Mo atoms are coordinated octahedrally by the 
sulfur atoms in one unit cell. It is known that this 2H semiconducting phase can be reversibly 
transformed into 1T metallic phase via an intra-layer atomic glide.7 This involves a 
transversal displacement of one of the S planes. Intercalation of Li is an effective method for 
inducing such a conversion that accompanies a charge transfer from Li to MoS2,42  increasing 
the free carrier concentrations to desired levels. A local rearrangement of atomic structure 
from 2H to 1T occurs to accommodate the intercalated species.43 
In this PhD research, the PhD candidate explores MoS2 nanoflakes’ plasmon resonances 
when they are ultradoped. Ultradoping will be implemented with the aim of bringing these 
plasmon resonances into the visible and near UV ranges, which are applicable for many 
electronic and optical applications. The candidate will achieve ultradoping by the 
electrochemical means via lithium intercalation which is fully explored in the previous step 
of his PhD research. The candidate will also conduct a set of tests, including the electron 
energy loss spectroscopy (EELS) and measurement of resonance peak shifts in the media of 
different dielectric constants, in order to prove the presence of plasmon resonances in these 
ultradoped flakes. 
 
1.2.3 Ion-Driven Photoluminescence Modulation of Two-Dimensional MoS2 Nanoflakes 
for Applications in Biological Systems 
The ion-driven PL manipulation approach can be especially useful in biological systems for 
monitoring ion exchanges. The stimulating ions including H+, Li+, Na+ and K+, which are 
capable of PL manipulation of 2D MoS2, are amongst some of the vital chemical components 
in many bio-processes of living organisms: H+ ions often appear in many metabolic 
pathways.37 In addition, the pH value influences the functions of cells and enzymatic 
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activities.37 While Li+ ions are widely used in mood-stabilizing drugs, Na+ and K+ ions are 
important for the nerve transmission, regulation of body fluids, heart activities, and certain 
metabolic functions.27  
Despite some recent demonstrations in applications such as DNA optical detection, artificial 
protein receptors and glucose electrochemical sensing,44-46 2D MoS2 has yet to be fully 
investigated for its excellent PL properties in bio-systems. These properties, which are 
affected by intercalating ions, can be readily incorporated for monitoring biological systems 
that involve the presence/exchange of vital ions in living creatures.  
PL of 2D MoS2 nanoflakes, together with the modulation capabilities driven by positive ion 
intercalation will be implemented by the author of this thesis and his colleagues to provide 
the base for the development of optical biological systems. 2D nanoflakes will be 
incorporated into two different ion exchange representative bio models that use PL properties 
of MoS2 for (a) glucose sensing and (b) assessing the viability of yeast cells. 
 
1.2.4 Investigation of Reducing the HER Overpotential in Intercalated 2D MoS2 using a 
Simulated Sun Assisted Process 
Atomically thick MoS2 has also been found to be an economical alternative to noble metals 
catalysts for the electrochemical hydrogen evolution reaction (HER).47-49 Both theoretical and 
experimental studies show that the active catalytic sites for HER on semiconducting 2H 2D 
MoS2 are located along the edges of the S−Mo−S plane, while the basal planes remain 
chemically inert.50 Mo− edges were found to contribute to a much larger extend to the 
catalytic activity of the material than S−terminated edges due to the lower hydrogen binding 
energy of exposed Mo sites.51 The phase transformation of MoS2 to metallic 1T phase can 
further enhance its HER performance, possibly due to the reduction of the charge transfer 
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resistance52 and the activation of the inactive basal plane.53 Therefore, optimisation of the 
HER performance of 2D MoS2 can be achieved through activating catalytic sites and phase 
engineering. 
Electrochemical and chemical alkali ion intercalation appears to be effective methods to 
achieve the phase transition. Specifically, Li+ ion intercalation can decrease the hydrogen 
binding energy at Mo− edges and initialize the MoS2 phase transition.37, 54 At the same time, 
the Li+ ion intercalation facilitates the exfoliation of bulk MoS2 into individual or few layers 
flakes, which can also improve the electrical conductivity and increase the surface to volume 
ratio. 
The chemical insertion of Li+ ions into the MoS2 lattice has however its own drawbacks. It is 
a slow reaction process, leading to long reaction times and/or requiring elevated 
temperatures.42, 55 Currently, one of the most commonly used methods for achieving Li+ 
intercalation into MoS2 is the reaction of bulk MoS2 with butyllithium suspended in a 
moderate boiling point solvent. This reaction has to occur in an inert atmosphere since 
butyllithium is a very reactive and explosive reagent.42 The long reaction time implies 
energetically unfavourable reaction kinetics. The process also results in the deterioration of 
the crystallinity and 2D configuration of the flakes.55 
Despite distinct advantage of electrochemical applications for PL control, inducing plasmon 
by ultradoping and bioensinsg, it has certain drawback for creating MoS2 flakes with HER 
capabilities. The main drawback is that the MoS2 nanoflakes have to be transferred from 
suspension onto a substrate followed by an annealing treatment, aiming to fully evaporate the 
process solvent. Annealing can easily lead to the oxidation of the MoS2 surface.56 Moreover, 
due to the poor conductivity of MoS2, this method only affects MoS2 in the vicinity of the 
surface of the working electrode substrate and several intercalation steps have to be carried 
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out to produce an appreciable yield. These extra steps can cause excessive exfoliation of the 
film and cause undesirable pin-holes and cracks in the films made of 2D sheets. 
In order to avoid the aforementioned problems, alternative approaches should be developed. 
A facile and non-hazardous Li+ intercalation process that can accelerate the exfoliation and 
1T transformation reactions and simultaneously soften the reaction condition is sought after 
in order to form efficient HER electrocatalysts.  
It has been observed that sonication treatment can assist the intercalation process of guest 
molecules into the host stratified MoS2 structure.57 During this process, acoustic cavitation 
can be generated by ultrasonic forces, leading to the formation, growth and collapse of 
bubbles in the solution. The powerful collapses of these bubbles results in shock waves and 
the local increase in temperature and pressure, which can assist the guest molecule 
intercalation. Similarly, photo-irradiation treatment was found to be a suitable method for the 
activation of electrochemical intercalation.58-59 Electron-hole pairs are generated in the host 
material upon photo-irradiation. It was found that the photo generated electrons remain in the 
host material, while the holes are transferred to the electrolyte, presumably reacting with 
water or solvent molecules. Band bending effects facilitate this process when working with 
solid MoS2 electrodes. The material is polarised in this situation, producing an electric field 
that provides an assisting driving force for Li+ ion intercalation.60 
In this PhD research, the PhD candidate will demonstrate sonication-assisted Li+ intercalation. 
The candidate will explore such an intercalation process with and without the irradiation of 
light from a sun simulator to investigate the efficiency of Li+ intercalation in different 
conditions. The candidate will eventually assess the HER performance of these developed 2D 
materials using an electrolysis cell.
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1.3 Thesis Organisation 
This thesis is primarily dedicated to the investigation and development of intercalation 
compounds of 2D MoS2 nanoflakes and their optical and electric properties. The major 
sections of this thesis are as follows: In Chapter 2, the author will present the outcomes of his 
hypothesis that electrochemical methods can be employed to tune the PL in 2D MoS2. The 
author will investigate active control of PL in 2D MoS2 nanoflakes by electrochemical 
intercalation/deintercalation of alkali ions into and out of the 2D crystal structures. The 
investigations on how these intercalated ions modify the crystal phase and electronic band 
structures of 2D MoS2 will be demonstrated. In Chapter 3, the author will show the results for 
his studies on MoS2 nanoflakes’ plasmon resonances when they are ultradoped. The 
exhibition of plasmon resonances in visible and near UV ranges and corresponding analysis 
will be shown. The electron energy loss spectroscopy (EELS) and resonance peak shifts in 
different dielectric constant media will be presented to confirm the presence of plasmonics in 
these ultradoped nanoflakes. In Chapter 4, the author will show how he adopts the concept 
developed in Chapters 2 and 3 and present how the ion (e.g. H+ and K+) intercalalations in 2D 
MoS2 nanoflakes play important roles in optical and biological systems. In Chapter 5, the 
author will demonstrate the Li+ intercalation in 2D MoS2 using a facile grinding/sonication 
assisted method under simulated sun irradiation. The author will compare the intercalation 
process with and without light irradiation and analyse how these synthesis techniques affect 
the HER performance. Finally, in Chapter 6, the author will present concluding remarks and 
suggest possible future works.  
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Chapter 2. Electrochemical Control of 
Photoluminescence in Two-Dimensional MoS2 
Nanoflakes 
 
2.1 Introduction 
As presented in Chapter 1, two-dimensional (2D) MoS2 electronic structure alters 
dramatically, with reference to its bulk counterpart, at near atomically thin morphologies, 
producing strong photoluminescence (PL). Developing processes for controlling the PL of 2D 
MoS2 is essential to efficiently harness many of its optical capabilities. So far, it has been 
shown that this PL can be electrically or mechanically gated. In this chapter, the author of this 
thesis hypothesize that electrochemical means, which operate based on the diffusion of 
intercalating ions using applied voltages against a reference electrode, can be employed to 
tune the PL in 2D MoS2. The author introduces an electrochemical approach to actively 
control the PL of liquid phase exfoliated 2D MoS2 nanoflakes by manipulating the amount of 
intercalated ions including Li+, Na+ and K+, into and out of the 2D crystal structure. These 
ions are selected as they are crucial components in many bio processes1 as well as many 
optical systems.2 The author shows how these intercalated ions modify the crystal phase and 
electronic band structures of 2D MoS2, eventually resulting in the loss of the material’s 
semiconducting properties due to the emergence of a metallic phase. In particular, the 
theoretical calculations are demonstrated and discussed for the operation principle of Li+ ion 
intercalation, the changes in the band structure and consequently the PL. 
The content of this Chapter was published as a peer reviewed paper in ACS Nano.3 
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2.2 Experimental 
2.2.1 2D MoS2 nanoflakes preparation and characterizations 
One gram of MoS2 powders (99% purity, Sigma Aldrich) was added to 0.5 mL of N-nethyl-
2-pyrrolidone (NMP) (99% anhydrous, Sigma Aldrich) in a mortar and ground for 30 min. 
The mixture was placed in vacuum oven to dry overnight at room temperature, then was 
collected and re-dispersed into a 10 mL NMP solvent. The solution was probe-sonicated 
(Ultrasonic Processor GEX500) for 90 min at the power of 125 W and the supernatant 
containing 2D MoS2 nanoflakes was collected after being centrifuged for 45 min at the speed 
of 4000 rpm. Lateral dimensions and thickness of these 2D nanoflakes was measured using 
atomic force microscopy (AFM) (Bruker Multimode 8 with PF TUNA). Their crystal 
structure was characterized using X-ray diffraction (XRD) (Bruker D8 DISCOVER), high 
resolution transmission electron microscopy (HRTEM) (JEOL 2100F) and Raman 
microscopy (Horiba TRIAX 320 spectrometer fiber coupled to an Olympus BX41 confocal 
microscope with 532 nm 90 µW excitation). X-ray photo-electron spectroscopy (XPS) 
measurements were performed on a VG-310F instrument using Al non-monochromated X-
rays (20 kV, 15 mA) with the hemispherical energy analyzer set at a pass energy of 20 eV for 
the peak scans. The absorbance spectra of the 2D nanoflakes were examined using a 
spectrophotometric system consisting of a Micropack DH-2000 UV-VIS-NIR light source 
and an Ocean Optics HR4000 spectrophotometer. The PL spectra of the 2D nanoflakes were 
obtained from a Perkin–Elmer LS 55 luminescence spectrometer at multiple excitation 
wavelengths of 300, 400, 500 and 600 nm. 
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2.2.2 Active control of PL in 2D MoS2 nanoflakes 
One hundred microliters of the MoS2 supernatant was drop casted onto a conductive fluorine-
doped tin oxide (FTO) substrate with the exposed area of ~0.5 cm2 at ~60 °C. Various 
voltages ranged from ±2 to ±12 V were applied across a two-electrode configuration via a 
DC power supply where the cathode was connected to the drop casted nanostructured MoS2 
film on FTO and the anode was a Pt wire. The electrolytes were 0.1 M LiClO4 (98% purity, 
Sigma Aldrich), 0.1 M NaClO4 (98% purity, Sigma Aldrich) or 0.1 M KPF6 (98% purity, 
Sigma Aldrich) in polypropylene carbonate (97% anhydrous, Sigma Aldrich). The PL 
intensities of the 2D nanoflakes were measured using a Nikon epi-fluorescence microscope 
with a blue excitation light source covering the wavelengths ranged between 400 and 500 nm. 
 
2.2.3 Computational Methods 
The first principles calculations were performed within the framework of density functional 
theory (DFT) using Vienna Ab initio Simulation Package.4 The generalized gradient 
approximation of Perdew-Burke-Ernzerhof form was used to describe the exchange-
correlation functional.5 The core and valence electronic interaction were modeled through 
projector augmented wave potentials.6 The electrons in 1s22s1, 4p65s14d5, 2s23p4 states were 
treated as valence electrons for Li, Mo and S, respectively. The kinetic energy cut-off of 600 
eV and a 21×21×1 Γ–centered mesh for sampling Brillouin zone of bilayer MoS2 unit cell 
were used to ensure the variation in total energy is less than 1 meV/atom. Optimized lattice 
parameters were obtained by allowing cell vectors and ionic positions to fully relax until the 
Hellmann-Feynman forces were less than 0.01 eV/Å. For accurate band structure calculations 
a 45×45×1 Γ–centered mesh was used for sampling the Brillouin zone. Finally, since the 
standard generalized gradient approximation does not include weak dispersion interactions,7 
Grimme’s DFT-D2 energy correction method was employed to correctly describe interlayer 
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van der Waals interactions.8-9  With this correction, the obtained interlayer distance in pure 
bilayer MoS2 was 3.08 Å, in close agreement with experimentally measured value of 
2.985 Å.10 To study the effect of Li+ ions intercalation, a 2×2 bilayer supercell was 
considered for both 2H and 1T MoS2 polytypes. Li+ ions were sequentially introduced in the 
low-energy octahedral binding sites and the intercalated bilayer structure was again 
optimized. 
 
2.3 Results and discussion 
2.3.1 Physicochemical characterization of 2D MoS2 nanoflakes 
Many investigations regarding the optical properties of 2D MoS2 employ mechanical 
exfoliation techniques, which can produce high quality planar MoS2 crystals.11-13 The low 
yield is the major disadvantage of these mechanical techniques, realistically preventing their 
use in large scale fabrication of MoS2 based PL system.14-17 Vapor synthesis techniques have 
been proposed to tackle this issue, though they require high processing temperatures 
(700−1000 °C) incompatible with broadly available integrated circuit fabrication processes.18-
19
 In addition, the nanostructured MoS2 film matrix necessary to ensure effective interaction 
with photons and consequently high intensity modulation in an optical system is generally not 
possible using vapor synthesis techniques. 
Liquid phase exfoliation techniques, however, offer routes to practical mass synthesis of 2D 
materials at relatively low temperatures.16, 20-23 Early liquid phase exfoliation techniques 
mainly involved the ion-assisted exfoliation processes, which are generally time-consuming, 
sensitive to environment, hazardous and embed impurities.14-15, 24 Coleman et al. proposed the 
liquid phase exfoliation of 2D MoS2 flakes in an appropriate organic solvent with the aid of 
sonication.25 This method yields large quantities of 2D MoS2 flakes made of several 
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monolayers demonstrated to produce moderate to strong PL.16 It should be considered that 
the 2D MoS2 flakes obtained in liquid phase intercalation processes are generally small in 
lateral dimensions. Subsequently, their optical properties should be fully studied to assure 
correct data is obtained.  
The 2D MoS2 nanoflakes used here are prepared using a grinding-assist liquid phase 
exfoliation technique similar to that reported by Yao et al..20 Details are presented in the 
Experimental section. In brief, the commercial MoS2 powder is mechanically ground with the 
NMP solvent and processed with high power sonication. The supernatant containing 2D 
MoS2 nanoflakes is collected after centrifugation. AFM is used for assessing the lateral 
dimensions and thicknesses of these 2D MoS2 layers. As can be seen in Figures 2.1 a and b, a 
clear step of ~3.6 nm (corresponding to 5 to 6 monolayers of MoS2) can be observed in a 
typical 2D liquid exfoliated MoS2 flake with large lateral size of ~50−100 nm. But the lateral 
dimensions of these 2D nanoflakes are generally found to be less than 80 nm with the 
majority in the 10 to 40 nm region. The lateral distribution of the nanoflakes is shown in 
Figure 2.1c. It is also seen that the 2D nanoflakes have various thicknesses but the majority 
consists of 2 to 7 monolayers (Figures 2.1d-f). 
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Figure 2.1. (a) AFM image of a typical 2D MoS2 flake. (b) The height profile along the green 
line overlaid on the image. (c) The lateral size of the 2D nanoflakes distribution. (d) The 
thickness distribution of the 2D nanoflakes. (e) Example of an AFM image of the 2D MoS2 
nanoflakes and (f) The height profile along the green line overlaid on the image. 
 
The crystal structure of these 2D nanoflakes is investigated using the XRD system, while the 
MoS2 powder is used as the reference. From the XRD pattern shown in Figure 2.2a, it can be 
observed that both the 2D MoS2 nanoflakes and bulk powder are identified as 2H MoS2 with 
a dominant peak appearing at 14.4°, reflecting the (002) plane (ICDD Card no: 77-1716). 
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Interestingly, the exfoliated 2D nanoflakes are found to have enhanced planar crystal 
structure in comparison to that of bulk counterpart, due to the relative increase in the peak 
intensity corresponding to the (002) plane.  
 
Figure 2.2. (a) XRD patterns of 2D MoS2 flakes and bulk powders both drop casted onto 
FTO substrates (peaks correspond to [*] 2H MoS2 and [∆] FTO). (b) Raman spectra of bulk 
MoS2 powder (black line) and 2D MoS2 nanoflakes (red and blue lines), indicating both  
and  Raman modes. 
 
Raman spectroscopy is also utilized here to further investigate the crystal structure and 
thickness of the 2D MoS2 nanoflakes. From Figure 2.2b, two distinguished Raman peaks can 
be found at ~384 and ~406 cm–1 for the MoS2 nanoflakes, corresponding to in-plane ( ) 
and vertical plane ( ) vibrations of Mo–S bonds in 2H MoS2, respectively.18, 26 By 
normalizing both the Raman spectra taken from the bulk powder and nanoflakes with the  
mode, it is found that the 2D nanoflakes have a smaller Raman shift difference between  
and  modes (∆= ~22 cm-1) in comparison with ∆= ~26 cm-1 from their bulk counterpart. 
Using information provided by Li et al.,26 the Raman spectra indicate that the thicknesses of 
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2D MoS2 nanoflakes are mostly less than 5 monolayers ( <~3.5 nm) based on the frequency 
shift of the  Raman mode, which is consistent with the AFM measurements (Figure 2.1d). 
The crystal structure of MoS2 is also revealed by using HRTEM. Figure 2.3a shows the 
HRTEM image of a sample area of a 2D MoS2 nanoflake. A lattice fringe spacing of 0.27 nm 
is identified in this image, which corresponds to the (100) lattice plane. The HRTEM images 
of the edges of flakes such as the one presented in Figure 2.3c confirms the presence of 
perfectly 2D structures with the number of layers less than 5−6 monolayers. Figure 2.2b 
depicts the selected area electron diffraction (SAED) pattern of this region, which is indexed 
to the near perfect planar 2H MoS2. 
 
Figure 2.3. (a) A HRTEM image of a sample area of a 2D MoS2 nanoflake and (b) its 
corresponding SAED pattern. (c) The HRTEM image demonstrating multiple steps in a 2D 
MoS2 flake. 
1gA
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2.3.2 Optical properties of 2D MoS2 nanoflakes 
The supernatant containing a high concentration of 2D MoS2 nanoflakes appears to be amber 
in color as shown in the inset image in Figure 2.4a. The detailed optical properties of the 
nanoflakes are studied by measuring their UV-Vis-NIR absorption spectra (Figure 2.4a). The 
weak absorption peaks at 609 and 668 nm are ascribed to B and A excitonic peaks, 
respectively, arising from the K point of the Brillouin zone in 2D MoS2 with large lateral 
dimensions.11 The weak features of these peaks are due to the small concentration of the 
relatively larger 2D flakes in the suspension (as evidenced in Figure 2.1c). In addition to 
these two weak peaks, an obvious broad peak centered at ~400 nm is observed. There is also 
a less prominent shoulder seen at 500 nm. It has been suggested that the optical absorption of 
low-dimensional or quantum dot MoS2 exhibit a strong blue shift when the lateral dimensions 
of the MoS2 nanostructures are reduced to < 50 nm, ascribing to the quantum size effect.27-30 
As the majority of our 2D flake sizes are within 10−40 nm range (Figure 2.1c), their optical 
absorption peaks should also be blue-shifted. In addition, the broad absorption peak below 
350 nm can be assigned to blue-shifted convoluted Z, C and D excitonic peaks as suggested 
by several researchers.28-30 
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Figure 2.4. (a) Absorbance spectrum of 2D MoS2 nanoflakes (insets are the optical image of 
a liquid exfoliated MoS2 suspension in NMP solvent and its zoomed in region of same 
spectrum showing two absorption peaks at 609 and 668 nm). 
 
The PL spectra using fluorescence spectroscopy at four different excitation wavelengths of 
600, 500, 400 and 300 nm are measured to provide a comprehensive view of the PL 
properties of the 2D nanoflakes. While no obvious emission peak is observed at the excitation 
wavelength of 600 nm (inset in Figure 2.5a), two weak peaks at ~610 and ~661 nm can be 
seen (inset in Figure 2.5a) when the excitation wavelength is 500 nm. It is well known that 
the observed peaks are mainly from the direct bandgap hot PL from the K point of the 2D 
MoS2 flakes with the large lateral dimensions.11 However when the excitation energies are 
larger (at lower wavelengths of 400 and 300 nm), a strong broad peak centered at ~420 nm 
and a weaker shoulder at 530 nm appear. In this case, the characteristics of these PL peaks 
are similar to those of MoS2 quantum dots or liquid exfoliated 2D MoS2 with small lateral 
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dimensions, which are ascribed to the strongly blue-shifted hot PL from the K point.17, 31 
Some comparable results are recently presented by Stengl and Henych who carefully studied 
such a phenomenon.31 Similarly, they obtained 2D MoS2 nanoflakes of various lateral 
dimensions, with the mean value of ~30 nm, using liquid phase exfoliation techniques. They 
showed that the increase in the excitation wavelength from 350 to 550 nm red-shifted the 
luminescent peaks from nearly 440 nm to 600 nm due to the polydispersity of the nanoflakes. 
Interestingly, similar phenomena were observed in our nanostructured MoS2 film consisting 
of 2D nanoflakes under the excitation of the light sources with various wavelengths (Figures 
2.5b-d). 
 
Figure 2.5. (a) PL spectra of 2D MoS2 nanoflakes at different excitation wavelengths (300, 
400, 500 and 600 nm). The MoS2 film when excited by (a) UV light (wavelength ranged from 
300 to 400 nm); (b) blue light (ranged from 400 to 500 nm) and (c) green light (ranged from 
500 to 600 nm). As can be seen, there is a shift in the emission light color which is associated 
with the shift of the emission peak. 
29 
 
 
2.3.3 Active control of the PL in 2D MoS2 nanoflakes and the characteristics 
The confirmation of the aforementioned optical characteristics of the 2D MoS2 nanoflakes at 
multiple excitation wavelengths provides a preliminary base for understanding the 
fundamentals of the PL generated by our 2D MoS2 nanoflakes. Here the author demonstrates 
that upon the intercalation/de-intercalation of Li+, Na+ and K+ ions the PL intensities can be 
effectively tuned. In order to establish the system for investigating the interaction with ions, 
the 2D MoS2 supernatant was drop casted onto conductive FTO substrates to obtain 
nanostructured thin films with the thicknesses of ~1 µm. Epi-fluorescence microscopy, with 
the specific area selection specificity, was utilized for in situ measurement of the PL 
intensities of the films, while the PL intensity of the uncovered substrate was used as the 
reference. The microscope operated at a blue excitation light source covering the wavelengths 
ranged between 400 and 500 nm (the detailed schematic of experimental setup is shown in 
Figure 2.6). 
 
Figure 2.6. Experimental setup of the in situ PL intensity measurements of the 2D MoS2 
nanoflakes at various intercalating/de-intercalating voltages.   
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The Li+ ion intercalation is presented in detail. During the intercalation process, an external 
voltage is applied across the working cathode (FTO coated with the 2D MoS2 nanoflake film) 
and the counter electrode (Pt). It is known that in bulk MoS2, this leads to the intercalation of 
the x quantity (0 ≤ x ≤ 1) of Li+ ions and injection of an equal quantity of electrons (e−) into 
MoS2.32 This double intercalation/injection of charges results in the formation of LixMoS2, 
hence leading to the modification of their original crystal phase (from trigonal prismatic 2H 
to octahedral 1T phase) and electronic band structures.32-33 Conversely, when the polarity of 
the applied voltages is reversed, Li+ ions are de-intercalated, which leads to the restoration of 
the initial crystal phase and electronic band structures (this will be further discussed in the 
later section).  
The intercalation is investigated using voltages from −2 to −12 V in −2 V steps and duration 
of 60 s (Figures 2.7 a−g). The dynamic response of the PL in a specific area (annotated as “1”) 
of the MoS2 film at different intercalating/de-intercalating voltages is presented in Figure 
2.7h. It can be seen that there are only small PL modulations at the applied voltages of −2 and 
−4 V, possibly due to insufficient electric field force for inserting Li+ ions into MoS2. 
Interestingly at −6 V, a significant PL modulation of ~61%, at a short response time of ~4 s is 
observed.   
The PL modulation is defined as:  
 
                       (2.1) 
where Iinitial is the initial PL intensity of the film before applying an intercalating voltage and 
Iresponse is the PL intensity of the film after the intercalation of ions. The response and 
recovery times are defined as the durations required for reaching 80% of the full PL. 
Reversibility during the active control of PL is described by the ratio: 
%100×
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                       (2.2) 
where Irecovery is the PL intensity after recovery upon the application of a de-intercalating 
voltage. 
 
Decreasing the intercalating voltage further results in a larger PL modulation, while the 
response time remains below 20 s. The complete quenching occurs at the intercalating 
voltage of −10 V in which the PL intensity of the nanostructured MoS2 film is lower than that 
of the reference substrate. For intercalating voltages of < −10 V, the PL modulation does not 
increase further and the response time prolongs to > 20 s. This possibly indicates that a 
significant amount of the intercalated Li+ ions are trapped in the sites close to the 
MoS2/electrolyte interface, instead of being diffused deeper. In addition, the overall recovery 
kinetics at different de-intercalating voltages are excellent as their recovery time are less than 
40 s with the reversibility larger than 0.9. It is noted that there is a sudden drop in the PL 
intensity during the application of a de-intercalating voltage of +6 V. Possibly some of the 
stacked 2D flakes from the MoS2 film are detached in the presence of the moderate electric 
field force.  
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Figure 2.7. PL images of the nanostructured MoS2 film at the intercalating voltages of (a) 
0 V, (b) −2 V, (c) −4 V, (d) −6 V, (e) −8 V, (f) −10 V and (g) −12 V. (h) In situ PL intensity 
change of a selected area “1” in the MoS2 film under different intercalating/de-intercalating 
voltages of ±2, ±4, ±6, ±8, ±10 and ±12 V in the 0.1 M LiClO4 solution (blue line) at the step 
duration of 60 s, while a selected uncoated area “2” within the substrate area is chosen as the 
reference (red line).  
 
In addition to Li+ ions, Na+ and K+ ions are also used as for electrochemically controlling the 
PL of 2D MoS2 nanoflakes. As seen from Figures 2.8 and Figure 2.9a−c, the PL modulation 
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starts from −4 V for both Na+ and K+ ions intercalation similar to the Li+ ion intercalation 
case. For Na+ ions, the optimum intercalating voltage is found to be at −8 V, where ~65% PL 
modulation is achieved with a small response and recovery time of ~10 and ~20 s, 
respectively. It is found that the PL modulation induced by K+ ions intercalation is only up to 
~40% at an optimum intercalating voltage of −10 V, which is only half in comparison to that 
of Li+ ions, possibly due to their slow diffusivity owing to their relatively larger dimension 
(Figures 2.8 and Figure 2.9a−c). Despite the reduction of PL modulation, it demonstrates 
relatively short response and recovery time, which both are under ~10 s when the 
intercalating voltages are smaller than −12 V. It is observed that the recovery time is 
dramatically increased to ~40 s at −12 V, which is probably due to the deep entrapments of 
ions in the MoS2 structure at such voltages. 
 
Figure 2.8. In situ PL intensity changes of the MoS2 film under different intercalating/de-
intercalating voltages of ±2, ±4, ±6, ±8, ±10 and ±12 V in 0.1 M LiClO4, NaClO4 and KPF6 
solutions at the step duration of 60 s.  
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Figure 2.9. Comparison of (a) PL modulations (b) response time and (c) recovery time of the 
nanostructured MoS2 film after Li+, Na+ and K+ ions intercalation (B-spline is used for the 
graphs). 
 
The PL modulations of the 2D MoS2 nanoflakes can be directly ascribed to the ions 
intercalation into the MoS2 crystal structure. For case of the Li+ ions, it is suggested that the 
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intercalated Li+ ions are weakly bonded to the S atoms of the MoS2 layers and placed in the 
van der Waal’s gap between the MoS2 planes when more than one monolayer exists.32, 34 For 
such a multiple layer system, this results in the lattice expansion and a decrease in the overall 
van der Waals forces between the planes as illustrated in the inset of Figure 2.10a.32, 34  
 
Figure 2.10. (a) Schematic of lattice structure of layered MoS2 upon Li+ intercalation in 
bilayer 2H and 1T MoS2 as well as the change in the spacing between the two planes upon 
the Li+ intercalation at different amounts. (b) Calculated electronic band structures of bilayer 
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(left) pristine MoS2, (middle) 2H Li0.5MoS2 and (right) 1T Li0.5MoS2. The Fermi level is set 
to zero in each case.  
 
 
Figure 2.11. Characterization of 2D MoS2 nanoflakes after Li+ ion intercalation and de-
intercalation. XPS spectra of the elements of (a) Li, (b) Mo and (c) S in 2D MoS2 nanoflakes 
before Li+ ions intercalation. (d-f) The aforementioned elements in 2D MoS2 nanoflakes after 
Li+ ions intercalation, where the blue and red lines represent the 2H and 1T phase, 
respectively. (g-i) The three elements in 2D MoS2 nanoflakes after Li+ ions de-intercalation. 
 
It has been suggested that high concentration of these intercalating Li+ ions eventually forces 
the transition of the MoS2 crystal from stable hexagonal semiconducting phase (2H phase) to 
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a metastable metallic phase (1T phase).16, 35-38 Such a phase transition can be evidenced by 
XPS measurements shown in Figure 2.11.  
According to Figures 2.11 a−c, Mo3d3/2, Mo3d5/2, S2s, S2p1/2 and S2p3/2 peaks can be 
observed at 232.5, 229.4, 226.5, 163.7 and 162.2 eV, respectively, indicating the dominant 
2H MoS2 phase in the crystal structure of pristine 2D MoS2 nanoflakes.39 After Li+ ions 
intercalation at −10 V, new peaks at 230.9 and 227.6 eV for Mo, and 163.1 and 161.4 eV for 
S can be found at lower binding energies in comparison with those of 2H phase peaks 
(Figures 2.11e and f). These new peaks can be identified as 1T phase peaks, which suggests 
that a large portion of the 2D MoS2 flakes undergoes a phase transition to a metastable phase, 
where the coordination of Mo atoms becomes octahedral (1T phase) upon Li+ ions 
intercalation.39 However, the peaks representing the 2H phase can still be observed after the 
intercalation process, indicating the co-existence of 1T and 2H phases in the crystal structure 
of intercalated material. Such a 2H → 1T phase transition can be one of the main reasons that 
contribute to the PL quenching of 2D MoS2 nanoflakes, as 1T phase appears to be metallic.16, 
33
  It is also noticed that a small peak appears at 236.0 eV (Figure 2.11e), corresponding to 
Mo6+ 3d5/2, which is a common characteristic for Li+ intercalated MoS2 possibly due to the 
oxidation of a very small portion of MoS2.4 The de-intercalation process of Li+ ions results in 
the near full restoration of the 2H phase crystal structure in 2D MoS2 nanoflakes, with less 
than 15% of 1T phase and a very small portion of residual Li+ ions remaining within the 
overall crystal structure (Figures 2.11g−i). 
First principles calculations are used for assessing the changes of the spacing between the 
layers and alteration of the band structure at various degrees of ion intercalation. It is 
important for the readers to consider that the simulations do not include the quantum 
confinement effect. They rather show the alteration of the layer spacing and electronic 
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structure in an ideal 2D MoS2 system after the intercalation. Additionally, the incorporation 
of the quantum confinement effect in such calculations is beyond our current computational 
capabilities. The calculations are conducted on both 2H and 1T MoS2 bi-layer systems upon 
Li+ ions intercalation as a close representative to the measurements. As expected, the 
intercalation of Li+ ions increases the distance between the two 2D MoS2 planar monolayers 
forming LixMoS2 for both crystal phases. For the 2H phase, the interlayer distance (d) rapidly 
increases from ~3.1 Å for pristine MoS2 bilayer to ~3.4 Å for Li0.125MoS2 as shown in Figure 
2.10a. As the concentration of intercalated Li+ ions increases, d keeps increasing but at a 
much slower rate and finally the spacing reaches ~3.5 Å for Li0.5MoS2. By taking account of 
the 2H → 1T crystal phase transition into the calculation, there is a rapid jump of d from ~3.0 
to 3.5 Å at the mildly Li+ ion intercalation level (1T Li0.125MoS2). However afterwards, d is 
continuously reduced and eventually reaches ~3.3 Å for 1T Li0.5MoS2. The increases in the 
interlayer distances in both 2H and 1T cases affect the electronic band structures of the 
corresponding intercalated compounds which will be discussed later (Figures 2.10 b).   
Characterizations are conducted to assess the intercalation of ions into 2D MoS2. For brevity, 
the measurements are limited to Li+ ions intercalation. In order to monitor the effects of Li+ 
ions intercalation in time into the 2D MoS2 nanoflakes, in situ Raman spectroscopy is used. 
Figure 2.12a shows that both  and  Raman modes are observed to shift to the right, 
indicating an increase in the vibration frequency, with respect to the initial Raman spectrum. 
The shift in  mode, corresponding to vertical plane vibrations of Mo–S bonds, is observed 
to be much larger than that of  mode, which represents the in-plane vibrations. The peak 
shift observed in the Raman spectrum can be related to the strain introduced in the lattice and 
the effect of increased van der Waals forces from the intercalating Li+ ions suppressing the 
vibrations of Mo–S bonds.18 This also explains the increased stiffening of the vertical 
1
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vibration modes compared to the in-plane vibrations.32
 
In addition, there is a significant 
reduction in the intensities of both Raman modes for the intercalated MoS2 Raman spectrum 
compared to that of the pristine 2D MoS2 nanoflakes, indicating the crystal transformation 
from original 2H MoS2 into intercalated LixMoS2 ( x < 0.5 ). Furthermore, the  mode is 
significantly broadened in comparison to the  mode after the intercalation of Li+ ions, 
further confirming the presence of LixMoS2 ( x < 0.5 ).32 
 
 
Figure 2.12. Characterization of 2D MoS2 nanoflakes after Li+ ion intercalation. (a) In situ 
Raman spectra of 2D MoS2 nanoflakes before and after Li+ intercalation at an intercalating 
voltage of −10 V. (b) In situ absorbance spectra of large 2D MoS2 nanoflakes at the 
intercalation voltages of 0, −2, −4, −6, −8, −10 and −12 V. 
 
While the vibrational properties of 2D MoS2 crystal structure is confirmed to be altered by 
the Li+ ions intercalation, the concomitantly injected electrons during the intercalation 
process behave as Drude-model-like free electrons and eventually enter into the MoS2 band 
structure, producing the additional electronic states.15 Such additional electronic states in both 
1
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intercalated 2H and 1T crystal phases are therefore believed to be another main reason to 
cause the PL quenching of 2D MoS2 nanoflakes.  
In order to verify the aforementioned hypothesis, in situ absorbance measurements are 
conducted. In these experiments only MoS2 A (~668 nm) and B (~609 nm) excitonic peaks 
are investigated by focusing on the behavior of flakes with relatively large lateral dimensions, 
as their alterations can be well described using the first principles calculations. While the 
majority of PL generated by our 2D materials is due to the quantum confinement effect of 2D 
flakes with small lateral dimensions, such a measurement and relevant theoretical discussions 
are still mostly applicable. This is due to the fact that the peaks of the smaller flakes are also 
the same A and B excitonic peaks, which are blue-shifted. From Figure 2.12b, it can be seen 
that both absorbance resonance peaks are gradually suppressed with the increase of the 
intercalating voltage and there is a slight red shift in both peaks, when the intercalating 
voltage is smaller than −6 V. Both phenomena suggest that the electronic band structure of 
2D MoS2 is modified upon the Li+ ions intercalation.16 This manipulation of electronic 
structure can be in principal observed in the first principle calculations shown in Figure 2.10b 
for the bilayer structure with both intercalated 2H and 1T crystal phases. For the case of 
intercalated 2H phase, the calculated structures demonstrate that Li+ ion intercalation causes a 
downshift of the conduction band due to the existence of additional electronic states. These 
states are formed by the concomitantly injected electrons during the intercalation process, 
producing metallic LixMoS2. For the 1T crystal phase, in addition to the concomitantly 
injected electrons similar to the 2H phase case, the other origin of this phenomenon can be 
ascribed to the presence of Mo4d state, forming a band that hosts the Fermi level.33, 36 Both 
cases indicate that the bilayer MoS2 exhibits a semiconductor to metal transition upon the Li+ 
ion intercalation, which represents the key to cause the PL quenching of 2D MoS2 nanoflakes. 
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2.4 Summary 
In this chapter,  the author introduced a facile and reliable approach to actively control the PL 
in the liquid phase exfoliated 2D MoS2 nanoflakes by electrochemically manipulating the 
amount of intercalating Li+, Na+ and K+ ions into the MoS2 crystal structure. This kind of 
controlling process was demonstrated to allow for large PL modulations, short response and 
recovery times as well as excellent reversibility. The intercalations of these ions led to the 
lattice expansion in MoS2 as well as the transformation of a significant portion of the crystal 
from originally 2H into 1T crystal phase. This consequently resulted in the alternation of the 
electronic band structure, exhibiting a semiconducting to metallic state transition, which 
contributed to the PL quenching. He also demonstrated that the 2H MoS2 crystal phase was 
almost restored after the de-intercalation of ions. 
This reversible controlling approach will provide a viable solution to develop high 
performance and practical nanostructured PL system based on 2D MoS2 with active 
controllability. The demonstrated phenomenon can also play an important role in developing 
highly sensitive photo-electrochemical sensors as well as high performance optical 
modulators and solar cells. Additionally, this controlled PL will also offer great opportunities 
for the development of optical displays and switches at relevant wavelengths. 
In Chapters 3 and 4, the outcomes of the work presented in this chapter will be used for the 
demonstration of plasmonic resonances and bio applications using intercalated 2D MoS2.  
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Chapter 3. Plasmon Resonances of Highly Doped 
Two-Dimensional MoS2 
 
3.1 Introduction 
As present in chapter 2, the author showed the intercalated alkali ions can reside in the 2D 
MoS2 nanoflakes, which will trigger many interesting properties including plasmon 
resonance, bio and optical sensing.  
The exhibition of plasmon resonances in two-dimensional (2D) semiconductor compounds is 
desirable for many applications. In this chapter, by electrochemically intercalating lithium 
into 2D molybdenum disulphide (MoS2) nanoflakes, plasmon resonances in the visible and 
near UV wavelength ranges are achieved. These plasmon resonances are controlled by the 
high doping level of the nanoflakes after the intercalation, producing two distinct resonance 
peak areas based on the crystal arrangements. A set of tests are presented to evidence the 
presence of plasmon, including the electron energy loss spectroscopy and resonance peak 
shifts in the media of different dielectric constants. The system is also benchmarked for 
biosensing using bovine serum albumin. This work provides a foundation for developing 
future 2D MoS2 based biological and optical units. 
 
The content of this Chapter was published as a peer reviewed paper in Nano Letters.1  
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3.2 Experimental 
3.2.1 Synthesis of 2D MoS2 nanoflakes                                                             
A sample of 1 g of MoS2 powders (99% purity, Sigma Aldrich) is added to 0.5 mL of N-
methylpyrrolidinone (NMP) (99% anhydrous, Sigma Aldrich) in a mortar and ground for 30 
min. The mixture is placed in vacuum oven to dry overnight at room temperature, then is 
collected and re-dispersed into a 10 mL NMP solvent. The solution is probe-sonicated 
(Ultrasonic Processor GEX500) for 90 min at a power of 125 W and the supernatant 
containing 2D MoS2 nanoflakes is collected after being centrifuged for 45 min at a speed of 
4000 rpm. 
 
3.2.2 Intercalation of Li+ ions into the 2D MoS2 nanoflakes 
A portion of 100 µL of the MoS2 supernatant is drop-casted onto a conductive fluoride-doped 
tin oxide (FTO) coated glass substrate with an exposed area of ~0.5 cm2 at ~60 °C. An 
applied voltage of −4 to −10 V is introduced using a two-electrode configuration via a DC 
power supply where the cathode is connected to the drop-casted MoS2 film and the anode is a 
platinum wire. The electrolyte is 0.1 M LiClO4 (98% purity, Sigma Aldrich) in polypropylene 
carbonate (97% anhydrous, Sigma Aldrich). 
 
3.2.3 Characterization of 2D MoS2 and LixMoS2 nanoflakes 
The crystal structures are characterized using high-resolution transmission electron 
microscopy (HRTEM) (JEOL 2100F). The Raman spectra are obtained using Horiba TRIAX 
320 spectrometer, fiber-coupled to an Olympus BX41 confocal microscope with 532 nm 90 
µW excitation. X-ray diffraction (XRD) is conducted with Bruker D4 Endeavour wide-angle 
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diffractometric with a (Cu K-alpha) 0.15418 nm X-ray source. X-ray photoelectron 
spectroscopy (XPS) measurements (VG MicroLab VG-310F) are performed using Al non-
monochromated X-rays (20 kV, 15 mA) with the hemispherical energy analyzer set at a pass 
energy of 20 eV for the peak scans. Single phase etching, with ion energy of 1 keV, was 
performed. The etching time was 60 s. The absorbance spectra of 2D nanoflakes are 
examined using a UV-Vis-NIR microspectrophotometer (CRAIC 20/30 PV). The PL 
intensities of 2D nanoflakes are measured using a Nikon epi-fluorescence microscope with a 
blue excitation light source covering the wavelengths of 400 to 500 nm. Surface plasmon 
mediated fluorescence microscopy (SPMFM) imaging of 2D nanoflakes is carried out using a 
total internal reflection fluorescence microscope (Nikon Eclipse Ti) operated at the laser 
wavelength of 405 nm. In order to obtain the electron energy loss spectra, a high-angle 
annular dark field (HAADF)-STEM image of the region of interest is first acquired. Then, a 
small area map is acquired across the nanoflakes and the total number of data points is 
determined. The spectra are collected at every 2 nm interval. The zero loss peak (ZLP) of 
each spectrum is aligned using a digital micrograph (DM) and removed using the reflected 
tail model. To evaluate the biosensing capability of 2D MoS2 nanoflakes, BSA solutions 
(Invitrogen) with concentration of 50 mg mL-1 is incubated with 100 µL of suspended 
LixMoS2 solution for 0.5 h. The absorption spectra are measured afterwards. 
 
3.2.4 Dielectric effect on the plasmon resonance 
MoS2 nanoflakes are intercalated at −10 V as described before. The electrolyte was removed 
and subsequently replaced with o-xylene, cyclohexane and methanol solutions. For each 
solvent, the nanoflakes are left for 5 mins to ensure adequate perfusion, following which UV-
Vis measurements are taken from the flakes and background were corrected.2 The peak fitting 
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algorithm using Gaussian models was used to determine the location and intensity of the 
plasmonic band. 
 
3.2.5 Computational methods 
The first principles density functional theory (DFT) (Vienna Ab Initio Simulation Package)3 
for electronic structure calculations was used to demonstrate the transition from 
semiconducting 2H MoS2 to metallic intercalated LixMoS2. The generalized gradient 
approximation in the form of Perdew-Burke-Ernzerhof was employed to describe the 
exchange-correlation functional.4 The projector augmented wave potentials are used to model 
the core and valence electronic interaction.5 The electrons in 1s22s1, 4p65s14d5, 2s23p4 states 
are treated as valence electrons for Li, Mo and S, respectively. The kinetic energy cut-off of 
600 eV and a 21×21×1 Γ-centered mesh for sampling the Brillouin zone of bilayer MoS2 are 
used to ensure the variation in total energy is less than 1 meV/atom. Optimised lattice 
parameters are obtained by allowing cell vectors and ionic positions to fully relax until the 
Hellmann-Feynman forces are less than 0.01 eV/Å. For accurate density of states calculations 
the author uses a 45×45×1 Γ-centered mesh for sampling the Brillouin zone and 800 eV 
energy cut-off. In all cases, Grimme’s DFT-D2 method is used to correctly describe 
interlayer van der Waals interactions.6-8 In order to study the effect of Li+ intercalation on the 
electronic structure of MoS2, a 1x1 bilayer unit cell for both 2H and 1T MoS2 polytypes are 
selected. Li atoms are sequentially introduced in the low-energy octahedral binding sites and 
the intercalated bilayer structure is again optimized.  
 
3.3 Results and discussion 
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The 2D MoS2 nanoflakes suspended in an NMP solution are prepared from MoS2 bulk 
powder using a grinding-assist liquid phase exfoliation technique 9-11 (see the Methods 
Section for details). The process results in 2D flakes with lateral dimensions mainly of 10 to 
80 nm and thicknesses corresponding to 2 to 7 monolayers (statistical analysis from a large 
number of atomic force microscopy (AFM) measurements is presented in Table 3.1). 
 
Table 3.1. Characterization of 2D MoS2 nanoflakes: (a) Distribution of the lateral dimensions 
and (b) The thickness distribution.  
Lateral size 
distribution (nm) 
Frequency (%)  Number of layers Frequency (%) 
0-10 1  1 7 
10-20 13  2 30 
20-30 34  3 21 
30-40 29  4 17 
40-50 14  5 12 
50-60 6  6 8 
60-70 2  >7 5 
>70 1  
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Figure 3.1. AFM and HRTEM images of flakes before and after the intercalation via a –10 V 
applied voltage are shown in (a) to (d). Examples of the AFM images and profiles for a 2D 
MoS2 nanoflake (a) and a 2D LixMoS2 nanoflake (b). (c) A HRTEM image of a pristine 2D 
MoS2 nanoflake and its corresponding SAED pattern (inset). (d) A HRTEM image of an 
intercalated 2D nanoflake and its corresponding SAED pattern (inset). (e) Raman spectra of 
2D MoS2 and the spectra changes after Li+ ion intercalation at different applied voltages. (f) 
XPS spectra of elemental Mo after Li+ ion intercalation at different applied voltages (all XPS 
spectra are calibrated by a carbon 1s peak located at 284.50 eV). It is also noticed that a small 
peak appears at 236.0 eV, corresponding to Mo6+ 3d5/2, which is a common characteristic for 
Li+ intercalated MoS2, possibly due to the oxidation of a very small portion of MoS2. 
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The transition from MoS2 to LixMoS2 through an intercalation process is carried out by 
applying different voltages using a Li+ containing electrolyte. AFM imaging confirms the 
presence of planar 2D structures made of multiple fundamental layers both before and after 
the intercalation process (examples in Figures 3.1a and b). HRTEM in Figure 3.1c shows that 
the initial 2D MoS2 nanoflakes have a fringe spacing of 0.27 nm, corresponding to the (100) 
lattice plane.9 The selected area electron diffraction (SAED) pattern of this flake is indexed to 
the near perfect planar 2H MoS2. Some of the structures are found to show disordered 
polycrystalline features after lithium intercalation, which can be seen from the polycrystalline 
‘ring’ SAED pattern (Figure 3.1d). The intercalation of the Li+ ions into the crystal lattice 
expands the crystal structure9 and eventually produces cracked crystals possessing smaller 
domains.12-13 XRD is used for further estimation of the onset of cracking (Figure 3.2). 
The intercalated Li in the 2D MoS2 nanoflakes strains the crystallite structure, which 
eventually produces cracking. In order to analyze the cracking process, XRD for the 2D 
MoS2 intercalated at the applied voltages of −4, −6, −8 and −10 V as well as deintercalated at 
+10 V were obtained. The results are presented in Figure 3.2. Scherrer formula was used for 
calculating the mean values of crystallite dimensions. The results are summarized in Table 
3.2 obtained based on the Scherrer equation: 
                                                        = 	 	
                                                                     (3.1) 
in which τ is the mean size of the crystalline domains; K is the dimensionless shape factor; 
λ is the X-ray wavelength of 0.15418 nm; β is the line broadening at half of the maximum 
intensity (in radians) and θ is the Bragg angle. 
 
 
 
54 
 
Table 3.2. The crystallite domains mean dimensions as a function of the applied voltage. 
Samples β (o) θ (o) τ (nm) 
−4 V 0.21 14.45 43.27 
−6 V 0.23 14.41 39.68 
−8 V 0.28 14.29 32.58 
−10 V 0.27 14.16 33.76 
+10 V 0.28 14.31 32.58 
 
From Figure 3.2, it can be observed that there is a dominant peak at 14.45o for 2D MoS2 
intercalated at −4 V, which reflect the (002) plane.14 This peak location is close to the value 
reported for pristine 2H 2D MoS2,14 which indicates the crystal structure remains intact at 
such small applied electric field intensities. The estimated mean size of the crystallites is 
43.27 nm (Table 3.2), which is in perfect agreement with the lateral size of the pristine 2D 
MoS2 nanoflakes obtained using the AFM measurements (see Table 3.1). However, the mean 
crystallite size is reduced to 39.68 nm when the applied voltage decreases to −6 V, which 
indicates the crystallites begin cracking into smaller pieces. Further decrease of the applied 
voltages to −8 V and then to −10 V lead to the (002) peak shifting towards lower angles, 
which is the signature for the expansion of the crystal lattice along the c-axis and formation 
of stoichiometric compounds.15 At the applied voltage of −8 V the mean value reaches the 
minimum value of 32.58 nm. However, no more broadening of the XRD peak is seen at 
lower voltages; a sign that no further cracking occurs. Interestingly, the peak shifts to a 
higher angle of 14.31o when the polarity of the applied voltage is reversed to +10 V and the 
deintercalation occurs. The β value shows no apparent change which indicates that the mean 
value of the crystallites lateral dimensions does not alter after the deintercalation process. 
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Figure 3.2. XRD patterns of 2D MoS2 nanoflakes intercalated/deintercalated using Li+ ions 
at different applied voltages 
The evolution of the lithium intercalation by electrochemical means is evident from Raman 
spectroscopy. From Figure 3.1e, two distinct Raman peaks are found at 383 and 406 cm-1 for 
the pristine 2D MoS2 nanoflakes, corresponding to basal plane ( ) and vertical plane ( ) 
vibrations of Mo−S bonds in 2H MoS2,16-18 respectively. For intercalation at −4 V, the 
spectrum is nearly the same as the pristine flakes. For an applied voltage below −6 V, Raman 
shifts for both  and  modes are observed and the gap between these two modes, in 
terms of the wavenumber, is increased. The peak shift in the Raman spectra is due to 
additional strain in the lattice suppressing the vibration of Mo−S bonds after the lithium 
intercalation.16 When voltages below −6 V are applied, as an increasing amount of Li+ at 
larger energies are intercalated into the 2D MoS2 planes, more electrons are transferred to the 
MoS2 electronic orbitals, leading to a 2H to 1T phase transition and formation of LixMoS2 
compounds.19  
1
2gE 1gA
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A phase transition from 2H to 1T is also found using XPS measurements at low applied 
voltages (surface of the films was etched for 60 s before the pattern acquisition). From Figure 
3.1f, for the pristine MoS2 and Li+ intercalated MoS2 at an applied voltage of –4 V, Mo3d3/2 
and Mo3d5/2 peaks can be observed at 232.6 and 229.4 eV, respectively, indicating that the 
elemental Mo keeps the +4 oxidation state and the 2D crystal structures remain dominant in 
the 2H phase.9, 20 When the applied voltage is decreased to  
–6 V, shoulders appear at 231.2 and 227.9 eV. Deconvolution of the curve reveals that these 
are weak peaks corresponding to the 1T phase of MoS2, indicating the structure of MoS2 
begins a phase transition from 2H to 1T. The lower binding energy of the new peaks confirms 
the intercalation of the Li species in the 2D MoS2, leading to a lower oxidation state of Mo.21 
Deconvolution of the curve corresponding to an applied voltage of less than –8 V reveals the 
strong intensity of the emerging peaks with downshifted binding energies, stronger than even 
the −6 V case, suggesting that a greater portion of the 2D MoS2 flakes undergoes a phase 
transition to the 1T phase.22-23 
The intercalation of lithium into the structure of semiconducting 2D MoS2 leads to the 
formation of 2D lithium molybdenum disulfide (LixMoS2, 0 < x ≤ 1) which has metallic 
properties.9 Therefore, the bilayer structures with both intercalated 2H and 1T crystal phases 
were calculated using the first principles DFT. Figure 3.3 shows the total density of states for 
bilayer 2H and 1T MoS2 and their lithium intercalated cases. As expected, pristine 2H MoS2 
and
 
1T MoS2 demonstrate semiconducting and metallic behavior, respectively.23 Upon Li+ 
ions intercalation, the author observes that the semiconducting nature of 2H MoS2 becomes 
metallic, while the metallic 1T MoS2 remains metallic in agreement with experimental 
observations.24-25 The formation of 2D metallic LixMoS2 can be experimentally confirmed by 
photoluminescence (PL) quenching of nanoflakes after Li+ ions intercalation (Figure 3.4a), 
which evidence that transition of the nanoflakes from originally semiconducting to eventually 
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metallic phase.22-23, 26 The PL properties can be reversibly controlled by 
intercalation/deintercalation of Li+ ions.. 
 
Figure 3.3. DFT calculations for a bilayer 2D MoS2 nanoflake before and after Li+ ion 
intercalation. Total density of states for bilayer 2H MoS2 and 2H Li0.5MoS2 (Blue), and 
bilayer 1T MoS2 and 1T Li0.5MoS2 (Red). The Fermi level is set to zero. It is noticed that the 
pristine 2H MoS2 is a semiconductor with the bandgap of ~1.7 eV while pristine 1T MoS2 is 
a quasi-metal. After the Li+ ions intercalation, the conduction band of intercalated 2H MoS2 
are downshifted below the Fermi level and transformed into metallic, while intercalated 1T 
MoS2 remains metallic. 0.5 of intercalated Li+ is selected as an example. 
 
The author investigated the PL properties of 2D MoS2 nanoflakes using the electrochemical 
intercalation process in our previous work.14 From the tests, the author noticed that there was 
only a small decrease in the PL intensity at the applied voltage of −4 V. Lower applied 
voltages resulted in a large decrease in the PL intensity. A complete PL quenching was 
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observed at the electrochemical force of −10 V. Reversible intercalation effect of PL was also 
demonstrated by active control of PL in the 2D MoS2 nanoflakes under different 
intercalating/deintercalating voltages of ±4, ±6, ±8 and ±10 V. A fairly short recovery time of 
less than 40 s and a large reversibility of over 0.9 were achieved.14 
 
Figure 3.4 (a) PL images of films made of drop-casted 2D MoS2 in initial and at the 
intercalating voltages of –4, –6, –8 and –10 V (at a broadband excitation light source 
covering wavelengths ranging from 400 to 500 nm.) The changes in PL of 2D nanoflakes at 
different applied voltages are presented. Yellow colored light is emitted from the 2D MoS2 
nanoflakes at the initial stage. When a voltage of –4 V is applied to the sample, the PL level is 
only slightly reduced. When the applied voltage is decreased from –6 to –10 V, PL intensity 
drops dramatically and there is a near total photo-quenching at the voltage of –10 V. (b) UV-
Vis absorbance spectra of the 2D nanoflakes under different electrochemical forces, in which 
the pristine 2D MoS2 is used as the differential reference. Main absorption peaks in the 
experimental are observed at 332, 380, 430, 498 and 714 nm. The wavelengths for theoretical 
estimates of plasmonic peaks as a function of intercalated Li+ ions are listed along dot lines. 
An intercalated FTO peak is observed at 325 nm, showing a minimal interference (Figure 
3.5).  
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As the 2D MoS2 nanoflakes are drop-casted onto conductive FTO substrates for Li+ ion 
intercalation process and other tests, Li+ ion intercalation of FTO itself may interfere with the 
absorption properties of 2D flakes. Therefore, the UV-Vis spectrum of Li+ ion intercalated 
FTO at applied voltage of –10 V is obtained as a reference. From Figure 3.5, it is seen that 
there is a sharp optical absorption peak centred at 325 nm is found. 
 
 
 
Figure 3.5 Absorption spectrum of FTO substrate intercalated using Li+ ions at the applied 
voltage of –10 V. 
 
To estimate how much lithium is intercalated into 2D MoS2, calculations of the ratios of 2H 
to 1T Mo 3d5/2 peak areas from XPS are conducted. The result shows that the ratio at the 
applied voltage of –6 V is ~1.3, suggesting that the content x is in the range of 0.3–0.5.27 For 
the applied voltages of –8 and –10 V, the ratio is approximately 0.8, corresponding to a value 
for x in the range of 0.5 to 0.8.27  
The plasmonic properties of these intercalated 2D nanoflakes are revealed by investigating 
the optical absorption characteristics in the UV-Vis regions after the Li+ ions intercalation. In 
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order to estimate the locations of plasmon resonances, the theoretical absorption peaks are 
firstly obtained based on the calculated extinction coefficients (eq 3.2) using Mie-Gans 
theory as a function of the specific amount of the intercalated Li+ ions28-29  
                                            		ωε 
1 
 + 1 −  
 +   (3.2) 
 
in which	ω is the angular frequency of incident light; ε  is the dielectric constant of the 
medium, ε and ε are the real and imaginary terms of the dielectric function, respectively, 
and  are the depolarization factors for the three axes A (length), B (thickness) and C (width) 
of the nanoflakes. The length and width are considered to be equal in the 2D system. The 
depolarization factors for a 2D material are defined as:30 
                                            P = 1 1 −  1 −  !
 sin% &			 (3.3) 
 		P' = P( = 1 − P2 					 (3.4) 
where the  factor is: 
                                             = 	 a − ba !
/
 
 (3.5) 
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The dielectric function is described by the Lorentz model:30 
                                            (.) =  + i = 0 − .1. + iγ. (3.6) 
in which .1  is the bulk plasma frequency, 	0  is the polarization response from the core 
electrons (background permittivity), which is equal to 1 (the choice of this number is justified 
in the below) and γ is the damping coefficient of the resonance. 
                                            .1 = 345678			 (3.7) 
where the charge carrier density, 4, can be calculated using eq 3.8 and number of Li in the 
occupation site and volume of unit cell for 2H and 1T MoS2 are listed in Tables 3.3 and 3.4. 
The calculated N is also listed. 
                                            
9ℎ;<5	=;<<>5<	?5@A>BC	(4) = D4E7F5<	GH	I>	>@	Bℎ5	G==E;B>G@	A>B5JGKE75	GH	E@>B	=5KK L (3.8)
γ is the calculated using: 
                                            γ = 1 = @ ×	5M78 			 (3.9) 
where 6 is the permittivity of free space, the effective mass of an electron is	78=	7, τ is the 
scattering time of an electron and the conductivity ( σ ) is estimated to be in the range of 102 – 
103  Ω-1 cm-1 depending on the degree of Li+ ion intercalation.31 
The parameter  0 in the Drude equation, which is the high frequency dielectric contestant 
(also called the polarization response from the core electrons), refers to the value of the 
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dielectric constant of a material at infinitely large frequencies. The most common choice for 
0 is 1. This value is obtained from the Drude assumption that the material is conductive 
enough that electron gas in ideal metal condition exist and the electrons does not interact with 
each other. This assumption is correct for many metals and highly doped semiconductors that 
show metallic properties.29 The author also used 1 in eq 5 for  0, which gave us a very good 
agreement between the plasmonic peaks appeared in the UV-vis measurements and the 
theoretical calculations. This means that the near metallic Drude assumption is valid in this 
case. This is in agreement with the implementation of Drude equation for reduced WO3-x for 
which also the value of 1 was also suggested for 0.28  
Considering LixMoS2 and WO3-x cases, which both have stratified structures, it seems that 
value of 1 for infinite frequency dielectric constant fits perfectly for highly doped or reduced 
layered materials with massive electron constants. 
The theoretical values for real and imaginary parts of relative permittivity of x = 0.5 lithium 
intercalated MoS2 at the wavelength range of 200 to 2000 nm is shown in  
Figure 3.6 that were obtained using Drude equation using 0 = 1. 
 
Figure 3.6. Imaginary and real parts of the relative permittivity for Li0.5MoS2 
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Table 3.3. The lattice parameters as calculated in this work using 2×2×1 supercell of 2H 
MoS2 for a set of LixMoS2 intercalates with prismatic coordination of Mo atoms.22 Part 
of this table was reconstructed from a table in the supporting information of reference 5 
with permission. Copyright 2012 Elsevier. 
 
Li 
content, 
x 
occupation 
sites a, Ǻ b, Ǻ c, Ǻ α, ° β, ° γ, ° V, Ǻ
3
 
N× 
1027 m-3 
0.125 a 6.24 6.24 12.13 90.1 90.1 60.0 409.79 2.44 
0.250 ab 6.24 6.25 12.47 90.0 90.1 60.0 421.49 4.745 
0.250 ae 6.25 6.25 12.43 90.0 90.0 60.1 421.03 4.75 
0.250 af 6.25 6.25 12.52 90.0 90.0 60.1 423.96 4.717 
0.250 ah 6.25 6.25 12.47 90.0 90.0 60.1 422.08 4.738 
0.375 abc 6.26 6.26 12.65 89.9 90.0 60.0 429.41 6.986 
0.375 abe 6.29 6.26 12.81 90.0 89.7 60.3 438.24 6.846 
0.375 bce 6.28 6.26 12.88 89.3 88.8 60.1 438.97 6.834 
0.500 abcd 6.31 6.30 12.69 90.2 90.2 59.9 436.69 9.16 
0.500 abce 6.29 6.29 13.03 90.3 90.3 59.9 445.93 8.97 
0.500 abch 6.32 6.30 12.98 90.0 91.5 60.0 447.11 8.95 
0.500 adeh 6.31 6.31 13.14 90.0 90.0 59.6 451.86 8.85 
0.500 adfg 6.29 6.29 13.26 87.7 87.7 59.8 453.28 8.82 
0.625 abcde         
0.625 abcef 6.33 6.33 13.24 90.7 90.7 60.0 459.94 10.87 
0.625 abceh         
0.750 abcdef 6.38 6.35 13.24 90.0 89.0 60.0 464.00 12.93 
0.750 abcefg 6.38 6.38 13.30 90.0 90.0 58.9 463.66 12.94 
0.750 abdefg         
0.750 bcdefg 6.39 6.39 13.29 90.0 90.0 58.8 464.70 12.91 
0.875 abcdefg 6.42 6.41 13.23 90.1 90.1 59.6 469.50 14.91 
1.000 abcdefgh 6.37 6.47 13.27 90.0 90.0 60.3 475.12 16.84 
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Table 3.4. The lattice parameters as calculated in this work using 2×2×2 supercell of 1T 
MoS2 for a set of LixMoS2 intercalates with octahedral coordination of Mo atoms.22 Part 
of this table was reconstructed from a table in the supporting information of reference 5 
with permission. Copyright 2012 Elsevier. 
 
Li 
content, 
x 
occupation 
sites a, Ǻ b, Ǻ c, Ǻ α, ° β, ° γ, ° V, Ǻ
3
 
N× 
1027 m-3 
0.125 a 6.50 6.50 11.52 90.2 90.2 58.2 413.66 2.42 
0.250 ab 6.51 6.52 11.69 90.0 89.9 58.7 423.97 4.72 
0.250 ae 6.48 6.48 12.13 90.6 90.6 58.5 434.53 4.60 
0.250 af 6.47 6.47 12.17 85.4 85.5 58.7 433.46 4.61 
0.250 ah 6.44 6.49 12.08 91.4 89.6 59.6 434.74 4.6 
0.375 abc 6.53 6.53 11.68 87.6 87.6 59.6 429.27 6.99 
0.375 abe 6.49 6.50 12.33 87.5 87.9 58.6 443.85 6.76 
0.375 bce 6.48 6.48 12.40 84.2 84.2 59.5 445.21 6.74 
0.500 abcd 6.58 6.58 11.72 90.3 90.3 59.0 434.69 9.2 
0.500 abce 6.52 6.52 12.31 86.9 86.9 59.8 451.20 8.87 
0.500 abch 6.54 6.53 12.18 89.9 89.6 59.7 449.09 8.91 
0.500 adeh 6.52 6.52 12.41 87.5 87.5 59.7 454.60 8.8 
0.500 adfg 6.49 6.49 12.72 83.7 83.8 60.0 460.83 8.68 
0.625 abcde 6.59 6.59 12.13 90.0 90.0 58.8 450.98 11.09 
0.625 abcef 6.56 6.57 12.36 90.0 90.0 59.2 457.97 10.92 
0.625 abceh 6.58 6.58 12.32 92.0 92.1 58.9 456.28 10.96 
0.750 abcdef 6.63 6.53 12.30 89.7 88.6 60.1 461.37 13 
0.750 abcefg 6.61 6.63 12.36 90.0 90.1 58.8 463.27 12.95 
0.750 abdefg 6.62 6.59 12.41 90.7 91.3 59.0 464.71 12.91 
0.750 bcdefg 6.60 6.59 12.31 89.2 89.2 60.4 465.15 12.90 
0.875 abcdefg 6.68 6.62 12.40 90.3 90.7 58.9 470.19 14.89 
1.000 abcdefgh 6.73 6.68 12.38 90.0 90.2 58.6 474.65 16.85 
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It is observed that plasmonic absorption is largely dependent on the Li intercalation level as 
shown in Figure 3.7a. In this figure, the values for x are selected based on the theoretical 
calculations presented by Enyashin et al..22 As x increases the wavelength of plasmon 
resonance absorption decreases from 714 to 263 nm, for both intercalated 2H (shown in the 
range of 0.125 to 0.5) and 1T phases (shown in the range of 0.25 to 1) of 2D nanoflakes, but 
at a slower pace when x exceeds 0.5. The ranges for x for each phase are selected based on 
the actual observed values.32 
The theoretical calculations are compared with the experimental results, in which they are 
obtained using UV-vis spectroscopy. From Figure 3.4b, it is noticed that there is no obvious 
absorption peak in the UV-vis spectrum for Li+ ion intercalated MoS2 nanoflakes at the 
applied voltage of −4 V, which confirms Li+ ions are not able to efficiently dope MoS2.33 At 
this level, it seems that the nanoflakes do not contain enough free electrons to produce 
plasmon. When the voltage is decreased to −6 V, several absorption peaks are observed. The 
peak locations are in very good agreement with theoretical estimates of the peaks (Figure 
3.7a) that correspond to x = 0.625 (336 nm), 0.5 (371 nm), 0.375 (424 nm), 0.25 (509 nm) 
and 0.125 (714 nm). The peaks can be associated with the formation of both metallic 
intercalated 1T and 2H phases. It is suggested that 2H and 1T phases coexist at x ≈ 0.25.27 
Interestingly, observing that two very distinct prominent peaks at 380 and 714 nm appear, it 
seems that the peaks are generated by individual flakes of dissimilar electronic structure: 
some acquire 1T phase and the rest still remain in 2H phase. Interestingly, when the applied 
voltage is decreased to −8 V the peak at 714 nm decreases in intensity, while all other peaks 
become more prominent. Interestingly, there is also no gradual shift of the 714 nm peak after 
increasing the intercalation intensity by applying smaller voltages. At this voltage, x gains a 
larger average value (above 0.5), which is also confirmed by XPS (Figure 3.1f). The increase  
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Figure 3.7. (a) Theoretical analysis for the correlation between the plasmon resonance peak 
positions and number of Li+ ions in 2D MoS2 nanoflakes for both intercalated 2H and 1T 
phases. (b) Experimental and theoretically calculated plasmon resonance peaks of ultra-doped 
MoS2 in different dielectric environments. 
 
in the intensity of peaks (excluding 714 nm peak) can be mostly due to the enhancement and 
dominance of the metallic intercalated 1T phase. At −10 V, the peak at 714 nm is completely 
vanished, which evidences that only 1T phase exist at such high intercalation intensities. The 
clear transformation of the plasmon resonance peaks as a result of 2H to 1T phase conversion 
a 
b 
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is different to that of conventional semiconductors for which a gradual shift in the resonance 
plasmon peak is seen when the doping level changes.29 Furthermore, a discussion on the 
plasmon resonance quality (Q) factor of the intercalated 2D MoS2 can be found in Figure 3.8 
and described in the following. 
 
Figure 3.8. Gaussian peak-fitting for the UV-vis absorbance spectra of nanoflakes 
intercalated at −8 V. 
 
The plasmon resonance quality factor for gold is theoretically between 5 to 20, 34  for silver is 
20 to 60 34 and the measured value for WO3-x has been reported as 1.6.28 For MoS2 
intercalated at −8 V (−8 V was chosen as a clear baseline is available), it is estimated to be 
approximately 3.4, if the author includes the double adjacent peaks (Figure 3.8). If the author 
estimate 4 Gaussian curves to fit to the data using the Fityk Software package (version 0.9.2), 
he obtain a value of 6.33 for the quality factor (380 nm peak). This shows that LixMoS2 
propagation loss is more in comparison with gold and silver nanoparticle systems, and less 
than that of the reduced WO3-x system. 
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It is important to consider that the system is made of 2D LixMoS2 flakes of different lateral 
dimensions. This polydispersity significantly reduces the Q factor and hence increases the 
propagation loss. If the system is made with improved uniformity of LixMoS2, possibly this Q 
factor can be significantly increased. 
 
The plasmon resonance presence from the intercalated MoS2 nanoflakes is also assessed by 
electron energy loss spectroscopy (EELS) as shown in Figure 3.9. Gaussian peak fitting 
technique is used for extracting the plasmon, core-loss transition and the interband transition 
modes. Figure 3.9a demonstrates the EELS patterns collected from the 2D MoS2 nanoflakes 
before Li+ intercalation for comparison. It is important to consider that residual electrolyte 
LiClO4 can stay there even after the comprehensive washing of the surface of nanoflakes, 
which can affect the measurement. The deconvoluted peak at 4.0 eV can be ascribed to the 
interband transition.35 Prominent peaks at 8.2, 18.0 and 24.1 eV are also observed, which 
correspond to the plasmon modes induced by valence electrons in different composite outer 
atomic cells.36 The peaks at 29.5 and 44.3 eV can be assigned to the core-loss transition.37 
After the Li+ intercalation at −10 V, two new peaks appearing at 3.2 and 6.7 eV are attributed 
to the surface and bulk plasmon modes originated by the free electrons generated from the 
Li+ ions intercalation, respectively. This can also be verified by the Mie-Gans theoretical 
calculations detailed in eqs 3.2 and 3.7, in which the calculated surface and bulk plasmon 
energies are found to be at ~ 3.3 and ~ 6.5 eV, respectively. Interestingly, the original peak 
located at 4 eV, which is ascribed to the interband transition energy loss, disappears, 
indicating the semiconductor to metal transition. This is consistent with the DFT results 
shown in Figure 3.3.  It is also noticed that the plasmon peaks originally at 8.2 and 24.1 eV 
for pristine 2D MoS2 exhibit shifts to high energies of 11.2 and 27.1 eV after the intercalation, 
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probably due to the change of oxidation states of Mo in the intercalated compounds.38 Such 
change also results in the appearance of two new peaks at ~35 and 52 eV, indicating the 
variation of the core-loss transition energies of the intercalated compound.38 The same 
discussion for the plasmon resonance observed at ~700 nm was not possible due to the weak 
EELS features. 
 
Figure 3.9. EELS spectra of (a) 2D MoS2 and (b) 2D LixMoS2 
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The strong dependence of plasmon resonance wavelength to the surrounding dielectric 
environment is another unique characteristic according to eq 3.1. Only the stronger plasmon 
resonance obtained at −10 V is investigated to be consistent with the EELS measurements. 
By varying the type of the surrounding solvent, the plasmonic band of ultra-doped MoS2 
nanoflakes experiences a red-shift of ~9 nm as the refractive index of surrounding solvent is 
increased from ~1.33 (methanol) to ~1.52 (o-xylene), which is in good agreement with the 
trend of theoretical calculations (Figure 3.7b). The existence of the localized plasmon 
enhancement effect of the ultra-doped nanoflakes (obtained at the applied voltage of −10 V) 
is also demonstrated by SPMFM as presented in Figure 3.10a. The surface plasmon mediated 
fluorescence effect only observed when sufficient amount of semiconducting 2D MoS2 for 
producing PL coexist with large amount of 2D metallic LixMoS2 for the excitation of the 
surface plasmon.39 According to XPS data presented in Figure 3.11, the surface is still made 
of a small amount of none intercalated 2D MoS2, while the bulk of the film is highly 
intercalated LixMoS2. The non-intercalated surface content is not sufficient to produce any 
PL upon normal to the surface incident light. However, if the incident light angle is equal to 
or above a critical angle, surface plasmon is generated that couples a large amount of energy 
to this remaining small 2D MoS2 content. The transferred energy from the plasmonic 2D 
flakes underneath significantly enhances the surface PL, making it detectable. 
After the MoS2 nanoflakes were intercalated by Li+ ions at −10 V, they were transferred to a 
cover glass substrate which was similar to that used in the SPMFM experiments. As can be 
seen in Figure 3.11, it was found that the nanoflakes in the surface (no etching) of the drop 
casted film remained predominately in the 2H phase while nanoflakes in the bulk (etched for 
60s) were mainly in the 1T metallic phase. This suggests that the intercalated Li+ ions diffuse 
out of the nanoflakes surface in time, resulting in the restoration of the 2H phase.  
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Figure 3.10. (a) Li+ intercalated samples at the voltage of −10 V are exfoliated onto a cover 
glass substrate and SPMFM images are obtained. Based on Figure 3.11, it is found that the 
surfaces of these samples are restored to 2H MoS2 while the bulk remains intercalated 1T 
metallic phase. When the 405 nm excitation laser source is used, no PL is seen, as most of the 
flakes are semi metallic with no band gap. After the source is tilted beyond the critical angle, 
light intensity of the flakes increases dramatically and observable bright spots are identified 
due to the surface plasmon generated by 1T intercalated flakes that greatly enhances the PL 
emitted from the restored 2H MoS2. PL image of exfoliated nanoflakes (up) and SPMFM 
image of the same nanoflakes beyond the critical angle (down). Scale bar represents 1 µm. 
(b) Normalized absorption spectra of 2D MoS2 nanoflakes after Li+ ion intercalation both 
before (blue line) and after (red line) incubation with BSA at a concentration of 50 mg mL-1. 
The absorption peak of ~325 nm, which is ascribed to the Li+ intercalated FTO substrate 
(Figure 3.5), is observed due to the utilization of thinner sample for BSA sensing 
measurements. The initial plasmon peak located at ~360 nm is at a lower wavelength in 
comparison to that of seen in Figure 3b. This is also due to the utilization of a thinner sample, 
resulting in more Li+ intercalation hence stronger doping effect under a similar applied 
electrochemical force. 
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Figure 3.11. XPS patterns of elemental Mo at surface for not etched and etched films made 
of drop casted intercalated nanoflakes. 
 
In order to demonstrate a practical application for the created 2D plasmonic LixMoS2 
nanoflakes, a BSA based optical biosensing system is constructed. The suspended LixMoS2 
nanoflakes at an applied voltage of ‒10 V are incubated in a BSA solution (concentration of 
50 mg mL-1); UV-vis absorption measurements before and after the incubation are presented 
in Figure 3.10b. The plasmon resonance peak of 2D LixMoS2 nanoflakes experiences a red 
shift to 390 nm after the BSA incubation. Due to the Li+ intercalation, free electrons are 
generated within LixMoS2 nanoflakes. When the BSA is incubated onto LixMoS2 nanoflakes, 
the negatively charged immobilized BSA repels the free charges,40 leading to a decrease in 
the electron density near the surface of the nanoflakes and hence causing a red shift of the 
surface plasmon resonance peak. 
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3.4 Summary 
 
In summary, the author successfully demonstrated plasmon resonances of ultra-doped 2D 
MoS2 nanoflakes in the visible and near UV regimes by the electrochemical intercalation/de-
intercalation of Li+ ions into and out of 2D MoS2 nanoflakes. The doping level was controlled 
by the electrochemical forces, allowing the emergence of the plasmon resonance peaks due to 
the formation of semi metallic states. The applied electrochemical voltages of less than –6 V 
facilitated the transition of semiconducting MoS2 to metallic LixMoS2, while voltages less 
than –8 V resulted in the transformation from intercalated 2H to 1T phase. The EELS and 
solvent effect were used for confirming the presence of plasmon resonances. The theoretical 
calculations of the plasmon resonances were in agreement with the measurements, which 
further confirmed that the plasmonic of ultra-doped 2D flakes was the possible reason for the 
observations. An application of the nanoflakes was demonstrated using a model BSA based 
biosensing process. The presented 2D flakes have a great potential for future plasmonic 
biosensing and optical systems.  
In Chapter 4, the concept of ion intercalation in 2D MoS2 nanoflakes will be implemented in 
two different ion exchange representative bio models that use PL properties of MoS2 for (a) 
glucose sensing and (b) assessing the viability of yeast cells. 
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Chapter 4. Ion-Driven Photoluminescence 
Modulation of Two-Dimensional MoS2 Nanoflakes 
for Applications in Biological Systems 
 
4.1 Introduction 
As discussed in Chapter 1, two dimensional (2D) molybdenum disulfide (MoS2) is a 
photoluminescence (PL) material with unique properties. The recent demonstration of its PL, 
controlled by the intercalation of positive ions, can lead to many opportunities for employing 
this 2D material in ion-related biological applications.1-2 In this Chapter, the PhD candidate 
presents two representative models of biological systems that incorporate the ion-controlled 
PL of 2D MoS2 nanoflakes. The ion exchange behaviors of these two models are investigated 
to reveal enzymatic activities and cell viabilities. While the ion intercalation of MoS2 in 
enzymatic activities is enabled via an external applied voltage, the intercalation of ions in cell 
viability investigations occurs in the presence of the intrinsic cell membrane potential. 
The content of this chapter has been peer reviewed and published in the journal of Nano 
Letters.2   
 
4.2 Experimental section 
4.2.1 Synthesis of 2D MoS2 nanoflakes 
1 g of MoS2 powders (99% purity, Sigma Aldrich) was added to 0.5 mL of N-
methylpyrrolidinone (NMP − 99% anhydrous, Sigma Aldrich) in a mortar and ground for 
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30 min. The mixture was placed in vacuum oven to dry overnight at room temperature, and 
then re-dispersed into 10 mL NMP solvent. The solution was probe-sonicated (Ultrasonic 
Processor GEX500) for 90 min at the power of 125 W and the supernatant containing 2D 
MoS2 nanoflakes was collected after being centrifuged for 45 min at 4000 rpm. 
 
4.2.2 Characterization of 2D MoS2 nanoflakes 
Lateral dimensions and thickness of 2D nanoflakes was measured using dynamic light 
scattering (DLS) (ALV fast DLS particle sizing spectrometer) and atomic force microscopy 
(AFM) (Bruker Multimode 8 with PF TUNA), respectively. Their crystal structure was 
characterized using X-ray diffraction (XRD) (Bruker D8 DISCOVER), high resolution 
transmission electron microscopy (HRTEM) (JEOL 2100F) and Raman microscopy (Horiba 
TRIAX 320). X-ray photoelectron spectroscopy (XPS) measurements were performed on a 
VG-310F instrument. The absorbance spectra of the 2D nanoflakes were examined using a 
spectrophotometric system consisting of a Micropack DH-2000 UV-VIS-NIR light source 
and an Ocean Optics HR4000 spectrophotometer. The PL spectra of the 2D nanoflakes were 
obtained from a Perkin−Elmer LS 55 luminescence spectrometer at multiple excitation 
wavelengths from 350 to 550 nm. 
 
4.2.3 Fabrication and characterization of 2D MoS2−GOx system 
100 µL of the MoS2 supernatant was drop casted onto conductive fluorine doped tin oxide 
(FTO) substrates to form nanostructured MoS2 films with the exposed area of ~0.5 cm2 each 
at ~50 °C. Then a 10 µL GOx solution (50 mg/mL in Milli-Q water, Sigma Aldrich, from 
Aspergillus niger) was dropped on the MoS2 film surface and left to dry naturally at 4 °C. A 
50 µL glucose solution (BDH AnalaR, Merck Pty) in Milli-Q water was dropped into a 
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cylindrical PDMS well that were attached on top of the 2D MoS2−GOx system. Different 
voltages were applied using an electrochemical workstation (CHI760D, CH Instrument Co.) 
under a three-electrode configuration, where the 2D MoS2−GOx system, platinum wire and 
Ag/AgCl (in 3 M KCl) electrode were used as working, counter and reference electrodes, 
respectively. The PL intensities of the system were measured in situ using a Nikon epi-
fluorescence microscope with a blue excitation light source covering the wavelengths ranged 
between 400 and 500 nm. 
 
4.2.4 Fabrication and characterization of 2D MoS2-yeast cell system 
Yeast cells (Saccharomyces Cerevisiae Yeast type 2, 92% viable, dried, Sigma Aldrich) were 
suspended in a standard PBS buffer solution at 1 mg/ml concentration of the yeast powder. 
The dried yeast clumps were broken up and mixed thoroughly using a low power sonication 
bath. After 15 min of incubation in the PBS solution, the cells were removed from the 
solution using a centrifuge operated at 2000 rpm for 75 s. The yeast cells were re-suspended 
in a fresh PBS buffer. For obtaining nonviable yeast cells, the yeast cells were suspended in a 
mixture of Milli-Q water and methanol (50:50 vol%) and incubated for 15 min, after which 
they were washed using a centrifuge at 2000 rpm for 75 s. The supernatant was subsequently 
removed and replaced with the PBS buffer. A 75% diluted solution of 2D MoS2 nanoflakes 
was then added to both the viable and nonviable yeast solutions and left to incubate for 15 
min. After the incubation period the yeast cells were separated by centrifuging at 2000 rpm 
for 75 s, where the supernatant was again removed and replaced with the PBS buffer solution 
for PL investigations and Milli-Q water for SEM and EDX measurements. This step was 
performed so as to reduce the background fluorescence caused by the excessive 2D MoS2 
nanoflakes. The SEM imaging and EDX mapping were carried out in a FEI NovaSEM. The 
PL intensities of the system were also measured in situ using a Nikon epi-fluorescence 
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microscope with 1 s exposure of a blue light source every 1 min to avoid any PL auto-
degradations. 
 
4.3 Results and discussion 
The 2D MoS2 nanoflakes were prepared from MoS2 bulk powder using a grinding-assist 
liquid phase exfoliation technique (details are presented in Methods section). The obtained 
2D nanoflakes show the polydispersity of their lateral dimensions, which range mainly 
between 10 and 30 nm based on the DLS pattern in Figure 4.1a. The AFM and HRTEM 
images confirm the presence of perfectly crystalline and planar 2D structures with multiple 
monolayers (Figures 4.1b and d). A typical example is the AFM image shown in Figure 4.1b, 
which is a ~3.5 nm thick flake corresponding to 4 or 5 monolayers of MoS2. A statistical 
analysis based on AFM measurements indicates that the 2D nanoflakes have various 
thicknesses with the majority in the range of 2 to 4 monolayers (Figure 4.1c).  
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Figure 4.1. Characterization of the 2D MoS2 nanoflakes. (a) The lateral dimension 
distribution of the 2D MoS2 nanoflakes. (b) An AFM image of a typical 2D MoS2 flake with 
the inset represents the height profile along the green line overlaid on the image. (c) The 
thickness distribution based on 500 randomly selected 2D nanoflakes. (d) A HRTEM image 
of a sample area on a corner of a 2D MoS2 nanoflake with the inset representing the 
corresponding SAED pattern. 
 
HRTEM is also utilized to reveal the crystal structure of the nanoflakes. Figure 4.1d shows 
the HRTEM image of a 2D MoS2 flake, in which a lattice fringe spacing of 0.27 nm is 
identified and corresponds to the (100) lattice plane of 2H MoS2. The inset in Figure 4.1d 
depicts the selected area electron diffraction (SAED) pattern of this region, which is indexed 
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to a near perfect planar 2H MoS2. XRD system and Raman spectroscopy are also utilized to 
confirm the 2H crystal phase in 2D MoS2 nanoflakes. 
The crystal structure of the 2D MoS2 nanoflakes is further investigated using XRD analysis, 
while the MoS2 powder is used as the reference. From the XRD pattern shown in Figure 4.2, 
it can be observed that both the 2D MoS2 nanoflakes and bulk powder are identified as 2H 
MoS2 with a dominant peak appearing at 14.4°, reflecting the (002) plane (ICDD card no: 77-
1716). The exfoliated 2D nanoflakes are found to have enhanced planar crystal structure in 
comparison to that of bulk counterpart, due to the relative increase in the peak intensity 
corresponding to the (002) plane.  
 
Figure 4.2. Crystal structure of 2D MoS2 nanoflakes. XRD patterns of 2D MoS2 nanoflakes 
and bulk powders both drop casted onto FTO glass substrates (peaks correspond to [*] 2H 
MoS2 and [∆] FTO). 
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Raman spectroscopy is also utilized here to investigate the crystal structure and thickness of 
the 2D MoS2 nanoflakes. From Figure 4.3, two distinguished Raman peaks can be found at 
~384 and ~406 cm–1 for the MoS2 nanoflakes, corresponding to basal plane ( ) and 
vertical plane ( ) vibrations of Mo–S bonds in 2H MoS2, respectively.3-4 By normalizing 
both the Raman spectra taken from the bulk powder and nanoflakes with the  mode, it is 
found that the 2D nanoflakes have a smaller Raman shift difference between  and  
modes (∆= ~22 cm-1) in comparison with ∆= ~26 cm-1 from their bulk counterpart. Using 
information provided by Li et al.,4 the Raman spectra indicate that the thicknesses of 2D 
MoS2 nanoflakes are mostly less than 5 monolayers ( <~3.5 nm) based on the frequency shift 
of the 
 
Raman mode. 
 
Figure 4.3. Crystal structure of 2D MoS2 nanoflakes. Raman spectra of bulk MoS2 powder 
(black line) and 2D MoS2 nanoflakes (blue line), indicating both and  Raman modes.  
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As the lateral dimensions of most of these MoS2 nanoflakes are smaller than 100 nm, their PL 
properties are expected to be different from those with relatively larger lateral dimensions 
(generally larger than 1 µm).5-6 The PL spectra of these nanoflakes were measured using 
fluorescence spectroscopy at different excitation wavelengths ranging from 350 to 550 nm.  
 
Figure 4.4. PL properties of 2D MoS2 nanoflakes. (a) PL spectra of 2D MoS2 nanoflakes 
suspended in a NMP solution at different excitation wavelengths (350, 400, 450, 500 and 550 
nm). The fluorescent images of thin films made of 2D MoS2 nanoflakes at broadband 
excitation light sources of (b) UV (300−400 nm), (c) blue (400−500 nm) and (d) green 
(500−600 nm). 
For the excitation wavelength of 350 nm, a board peak centered at ~500 nm together with a 
shoulder centered at ~430 nm can be observed (Figure 4.4a). These PL peaks are strongly 
blue-shifted in comparison to those of 2D MoS2 with relatively larger lateral dimension.7-9 
These observations are consistent with those of low-dimensional liquid exfoliated MoS2 
flakes with small lateral dimensions.5, 10-12 Such peaks are mainly ascribed to the hot PL from 
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the K point of the Brillouin zone but not the structural impurities. The justification using UV-
Vis and XPS are presented in the following. 
The origin of the PL in 2D MoS2 nanoflakes is studied by measuring their UV-Vis-NIR 
absorption spectra and compared with their PL spectra. According to Figure 4.5, the weak 
absorption peaks at 609 and 668 nm are ascribed to B and A excitonic peaks, respectively, 
arising from the K point of the Brillouin zone in 2D MoS2 with large lateral dimensions.9 The 
weak features of these peaks are due to the small concentration of the relatively larger 2D 
flakes in the suspension (as evidenced in Figure 4.1a). In addition to these two weak peaks, 
an obvious board peak centered at ~400 nm is observed. There is also a less prominent 
shoulder seen at 500 nm. It has been suggested that the optical absorption of low-dimensional 
MoS2 exhibit a strong blue shift when its lateral dimensions are reduced to be less than 50 nm, 
possibly ascribing to the quantum size effect.11, 13 As the majority of our 2D flake sizes are 
within 10−30 nm range (Figure 4.1a), their optical absorption peaks should also be blue-
shifted. Additionally, the board absorption peak below 350 nm can be assigned to blue-
shifted convoluted Z, C and D excitonic peaks as suggested by several researchers.10-11, 13 
Overall, it is found that the presented A and B excitonic peaks agree well with the energies of 
the PL emission peaks (Figure 4.4a), which both strongly confirm that the PL exhibited by 
the 2D MoS2 nanoflakes are mainly the hot PL from the K point of the Brillouin zone but not 
due to the structural impurities.  
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Figure 4.5. Optical properties of 2D MoS2 nanoflakes. Absorbance spectrum of 2D MoS2 
nanoflakes (inset is the zoomed in region of same spectrum showing two absorption peaks at 
609 and 668 nm). 
Further structural characterization is also carried out using XPS. According to Figure 4.6, 
clear Mo3d3/2, Mo3d5/2, S2s, S2p1/2 and S2p3/2 peaks can be observed at 232.5, 229.4, 226.5, 
163.4 and 162.2 eV, respectively, indicating the dominant 2H MoS2 phase in the crystal 
structure of 2D MoS2 nanoflakes.14 No other impurities can be observed except a small peak 
appearing at 236.0 eV (Figure 4.6a), corresponding to Mo6+ 3d5/2. This suggests that a very 
small portion of the surface 2D MoS2 nanoflakes is oxidized and transformed into MoO3.15 
However, this does not affect the overall PL properties as MoO3 is a wide and indirect 
bandgap semiconductor and its PL efficiency is much lower than that of 2D MoS2.16  
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Figure 4.6. Surface characterization of 2D MoS2 nanoflakes. XPS spectra of: (a) Mo and (b) 
S elements in 2D MoS2 nanoflakes.  
 
It is observed that the increase in the excitation wavelength from 350 to 550 nm leads to a red 
shift in the PL spectra of the nanoflakes (Figure 4.4). It is suggested that the excitation 
dependent PL could be related to the polydispersity of the 2D MoS2 nanoflakes, for which the 
emission wavelength of the PL is a strong function of the lateral dimension of the 2D 
nanoflakes, possibly due to the quantum size effect.5 
The demonstrated PL in 2D MoS2 nanoflakes, together with the modulation capabilities 
driven by the positive ion intercalation, provide the base for the development of optical 
biological systems. As suggested in the introduction, the 2D nanoflakes are incorporated into 
two different ion exchange representative models in order to investigate and evaluate their 
functionalities. 
System 1: glucose oxidase (GOx) is chosen as the model to study the ion transfer during an 
enzymatic activity, as the relevant enzymatic mechanisms between GOx and glucose are well-
understood.17-21 In this chapter, the 2D MoS2 nanoflakes together with GOx form a glucose 
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sensitive bio-system (the fabrication details are in Methods section). The generated H+ ions 
and electrons from the oxidation of glucose intercalate into the semiconducting MoS2, turning 
it into metallic hydrogen molybdenum sulfide (HxMoS2, 0 < x ≤ 1),22 hence manipulating the 
PL properties of the nanoflakes. However, Figure 4.7a shows that there is no obvious PL 
modulation in the 2D MoS2−GOx system upon the addition of glucose without applying any 
electrochemical forces, indicating that these generated H+ and electron are not intercalated 
into MoS2 nanoflakes efficiently. Therefore, the applied electrochemical force is a crucial 
factor for the operation of the 2D MoS2−GOx system as the presence of the electric field 
facilitates the ion intercalation process.23-25 As shown in Figures 4.7a and b, there is a small 
PL modulation of ~5% in the system at an applied voltage of −0.5 V (vs. Ag/AgCl in 3 M 
KCl), indicating that a small number of generated H+ ions and electrons start to diffuse and 
intercalate into the crystal structure of 2D MoS2. While there is no significant enhancement 
on the PL modulation when the applied voltage is reduced to −1 V, the further decrease of the 
applied voltage to −1.5 V leads to a dramatic increase in the PL modulation to ~60%, 
resulting in the almost complete PL quenching. This suggests that a significant number of 
generated H+ and electron intercalates into the 2D MoS2, transforming it from the 
semiconducting 2H phase into the metallic HxMoS2 phase that eventually leads to the loss of 
their PL properties. 
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Figure 4.7. Characterization of the 2D MoS2−GOx system. (a) and (b) The PL modulation of 
a 2D MoS2−GOx system at different applied voltages at the glucose concentration of 25 mM. 
(c) and (d) The PL modulation of the system at an applied voltage of −1.5 V and at different 
glucose concentrations. The response time of the system (e) at different applied voltages at 
the glucose concentration of 25 mM and (f) different glucose concentrations at an applied 
voltage of −1.5 V.  
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For investigating the electrochemical control of PL in 2D MoS2 using H+ ions, an external 
voltage is applied across the working cathode (a FTO glass substrate coated with a 
nanostructured film made of 2D MoS2 nanoflakes) and the counter electrode (Pt) in the 
presence of aqueous electrolyte containing 0.1 M of H2SO4. The Ag/AgCl electrode in 
saturated KCl (3 M) is employed as the reference electrode. Applying a voltage leads to the 
intercalation of the x quantity (0 ≤ x ≤ 1) of H+ ions and injection of an equal quantity of 
electrons (e−) into MoS2.26 Similar to the cases of Li+, Na+ and K+ intercalation,6 this double 
intercalation/injection of charges results in the transformation of the 2D nanoflakes from their 
original semiconducting 2H MoS2 into the metallic HxMoS2 crystal phase, modifying the 
electronic band structure of the flakes and hence causing the PL quenching.22 Conversely, 
when the polarity of the applied voltages is reversed, H+ ions are deintercalated. This leads to 
the restoration of the initial crystal phase and electronic band structures, hence regaining the 
PL properties.6 
The H+ intercalation process is investigated at −0.5, −1 and −1.5 V and the duration of 60 s, 
while the deintercalating voltage is always kept at +2 V and the duration of 60 s. The PL 
dynamic response of the nanostructured films made of 2D MoS2 flakes at different 
intercalating/deintercalating voltages is presented in Figure 4.8. Here, the PL modulation is 
defined as:  
 
                     (4.1) 
where Iinitial is the initial PL intensity of the film before applying an intercalating voltage and 
Iresponse is the PL intensity of the film after the intercalation of ions. The response and 
recovery times are defined as the durations required for reaching 80% of the full PL.  
%100×
−
=∆
initial
responseinitial
I
II
I
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It can be seen that there is only a small PL modulation at the applied voltage of −0.5 V, 
possibly due to the insufficient electric field force for inserting H+ ions into 2D MoS2 
nanoflakes. Interestingly at −1 V, a significant PL modulation of ~62%, at a response time of 
~26 s is observed. Further decreasing the intercalating voltage to −1.5 V results in a larger PL 
modulation and reaching an almost complete PL quenching state, in which the PL intensity of 
the nanostructured MoS2 film is very close to that of the reference substrate. In addition, the 
response time at −1.5 V (~4 s) is significantly shorter than that at −1 V.  
 
Figure 4.8. Electrochemical control of PL in the 2D MoS2 nanoflakes using H+ ions. In situ 
PL intensity change of a selected area of the nanostructured films made of 2D MoS2 flakes at 
different intercalating/deintercalating voltages (vs. Ag/AgCl in 3 M KCl) in a 0.1 M H2SO4 
solution (blue line) at the step duration of 60 s, while a selected uncoated area on the 
substrate is chosen as the reference (red line).  
 
However, after applying the deintercalating voltage, the PL intensity does not regain its initial 
value, indicating a failure in complete restoration of the original crystal phase and electronic 
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band structures. This could be due to the fact that a significant amount of the intercalated H+ 
ions are still deeply trapped in the MoS2 structure in the presence of strong electric field 
during the intercalation process.6  
This intercalation process is also evident by Raman spectroscopic measurements shown in 
Figure 4.9. Raman spectroscopic measurements on the 2D MoS2-GOx systems were carried 
out to provide the direct evidence for H+ ion intercalation into the crystal structure of MoS2 
nanoflakes. From Figure 4.9, both 
 
and  MoS2 Raman modes are found in the 2D 
MoS2-GOx systems, in which the 
 
model represents the basal plane vibrations and the 
 
mode corresponds to vertical plane vibrations of Mo–S bonds.27 It is shown that both 
modes are shifted to the left after applying an intercalation voltage of −1.5 V (vs. Ag/AgCl) 
to the system in the presence of glucose, indicating a decrease in the vibration frequency in 
comparison to the initial Raman spectrum.27 This observation is opposed to those of MoS2 
intercalated by alkaline ions, in which these two modes are both stiffen (right shifted).3, 6, 28 
This inconsistency can be attributed to different intercalation dynamics exhibited by H+ ions. 
Instead of directly occupying sites within the van der Waals gap of MoS2 for the cases of 
alkaline ions intercalation,3, 6, 28-29 the generated H+ ions at first are suggested to be 
predominantly formed into −SH bonds with the edge and terminal sulfur atoms on the surface 
MoS2 lattice structures,26, 30-31 then followed with the possible migration of these ions into the 
basal plane or van der Waals gap of MoS2 depending on the degree of intercalation.30-31 
Therefore, such a structural modification could lead to the softening of the MoS2 lattice 
vibrations,27, 32 which is also confirmed by the left shift of Raman peaks.  
1
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Figure 4.9. Raman spectra of 2D MoS2-GOx systems before and after applying an 
intercalation voltage of −1.5 V (vs. Ag/AgCl) in the presence of 25 mM glucose. The Raman 
spectroscopy was operated using a 532 nm 90 µW excitation source. 
 
The 2D MoS2−GOx system is also assessed for its sensitivity towards glucose. As shown in 
Figures 4.7c and d, it is found that the PL modulation of the system enhances linearly with 
the increase of the glucose concentration from 0 to 25 mM. Interestingly, increasing the 
glucose concentration to 50 mM does not further enhance the PL modulation, indicating that 
the MoS2 crystal structure is saturated with the intercalated H+ at equal or larger glucose 
concentrations. The PL response time towards glucose is another important parameter to be 
investigated. According to Figures 4.7e and f, it is found that the PL response time of the 
system are all longer than 60 s. This relatively long response time is associated with the slow 
H+ and electron diffusion kinetics from GOx to MoS2 due to the absence of appropriate 
mediators.18 The PL response time of the system also depend on the applied voltage values 
and glucose concentrations. The PL response time at the applied voltage of −1 V (~70 s) is 
much shorter than those at −0.5 (~100 s) and −1.5 V (~160 s), indicating that the applied 
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voltage values alter the H+ and electron intercalation kinetics. A similar trend can also be 
observed for the case of glucose concentration dependence, where the shortest PL response 
time of ~60 s occurs at the glucose concentration of 10 mM. In addition to the ion 
intercalation kinetics, the glucose concentration dependence can be also linked to the 
enzymatic kinetics as it takes longer for GOx to catalyze higher concentrations of glucose.18 
System 2: The ion-driven PL modulation of 2D MoS2 is also utilized for investigating ion 
exchanges in cells. In these experiments, yeast cells (Saccharomyces Cerevisiae) are 
employed as the model cells. The 2D MoS2 nanoflakes are placed onto both viable and 
nonviable yeast cells to study their ion exchange behaviors, as it is known that the ion 
exchange properties of viable and nonviable cells are different.33-35 After the incubation of 
yeasts cells together with 2D MoS2 nanoflakes (details are in Methods section), the energy 
dispersive X-ray (EDX) mapping and scanning electron microscope (SEM) images reveal 
that both surfaces of viable and nonviable cells are homogenously coated with 2D MoS2 
nanoflakes (Figure 4.10 and 4.11). Since the lateral dimensions of the 2D nanoflakes are 
mainly within 10 to 30 nm, it is unlikely for the nanoflakes to be efficiently uptake by viable 
cells or penetrate through the plasma membranes of either viable or nonviable cells.36-37  
  
97 
 
 
 
Figure 4.10. SEM images of the surface of the 2D MoS2-yeast cell system. Inset shows a 
zoomed in view of the surface texture of cells formed by the presence of 2D MoS2 
nanoflakes. 
98 
 
 
Figure 4.11. EDX mapping of both viable and nonviable yeast cells coated with 2D MoS2 
nanoflakes. The scale bars represent distances of 2 µm for viable cells and 4 µm for non-
viable cells, respectively. The cells are deposited on a cleaned silicon wafer and dried at 100 
ºC for 1 min. The samples are coated with 1.5 nm of platinum to increase its conductivity. 
Strong Si signals can be seen where the cells are not blocking it. Prominent C and O signals 
can be observed from the cells. Mo and S signals are also obvious on the surface of the cells. 
The K signals are much more noticeable on the viable cells, and they are sparse for the 
nonviable cells. 
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Figure 4.12 presents the optical image of both viable and nonviable cells with 2D MoS2 
coatings in a standard PBS buffer solution (containing both K+ and Na+ ions of ~2.7 and ~137 
mM, respectively), where the nonviable cells are colored by Trypan Blue. The PL properties 
of both systems are then investigated by fluorescence microscopy and it is found that 
significant PL can be observed from nonviable cells, while viable cells systems hardly 
demonstrate any PL emissions (Figure 4.12b). In the viable yeast cell system, due to the 
difference of ion concentrations (mainly K+ ions) between inside and outside the cells, the 
intracellular K+ ions are actively released out of the cells through intra membrane ion 
channels.38 Consequently, the 2D MoS2 nanoflakes coated on the viable cells are intercalated 
by these released ions, resulting in the PL quenching. The presence of these K+ ions is 
evident by the EDX spectra and mapping results shown in Figures 4.12c and 4.11, 
respectively. Raman spectroscopic results in Figure 4.13 further confirm the intercalation of 
these K+ ions into the lattice structure of MoS2. Subsequently any transfer of K+ ions to the 
exterior leaves behind unbalanced negative charges, creating an electric field across the 
membrane: the so called membrane potential.38 Due to the generated potential, the positive 
ions from the surrounding medium are diffused back into the cell, through the dedicated 
permeable channels in the plasma membrane, in order to maintain the charge balance inside 
and outside the viable cells.38 As a result for these cells, the cycle of “ion leakage”, 
“formation of membrane potential”, and “the uptake of ions” is continuously repeated and 
hence constantly supply energy for K+ ions to intercalate into the 2D MoS2 nanoflakes, 
resulting in the almost complete PL quenching of the system.  
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Figure 4.12. Characterization of the 2D MoS2−yeast cell system. (a) The optical image of 2D 
MoS2 nanoflakes coated viable and nonviable yeast cells stained with Trypan blue. (b) The 
corresponding fluorescent image. (c) EDX spectra of the 2D MoS2 nanoflakes coated viable 
and nonviable yeast cells showing the presence of K+ ions. (d) PL response of 2D MoS2 
nanoflakes coated polystyrene particles, nonviable cells and viable cells monitored over time 
for up to 6000 s after the addition of methanol. The corresponding fluorescent images of2D 
MoS2 nanoflakes coated polystyrene particles (red square) after (e) 0, (f) 3000 and (g) 6000 s, 
respectively. (h-j) The corresponding fluorescent images of 2D MoS2 nanoflakes coated 
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nonviable (green circle) and viable cells (pink circle) after (h) 0, (i) 3000 and (j) 6000 s, 
respectively. 
Raman spectroscopic measurements on the surface of both viable and nonviable 2D MoS2-
yeast cell systems were also carried out to provide the direct evidence for the alternation of 
the MoS2 structure due to the K+ ion intercalation. Despite the strong Raman signal 
interference from the cell membrane, clear peaks representing 
 
and  MoS2 Raman 
modes are observed both in the viable and nonviable cell systems as shown in Figure 4.13, 
further confirming the fairly homogeneous coverage of MoS2 nanoflakes on the surface of the 
yeast cells (Figure 4.12c).  It is also observed that there are right shifts of both Raman peaks 
for the viable cell systems compared to those of the nonviable ones, which is similar to the 
observation of electrochemical Li+ ion intercalation into MoS2.3, 6 The peak shifts can be 
related to the strain introduced in the lattice and the effect of increased van der Waals forces 
from the intercalating K+ ions in the presence of the membrane potential.3, 6  
 
 
Figure 4.13. Raman spectra of viable and nonviable 2D MoS2-yeast cell systems. The Raman 
spectroscopy was operated using a 785 nm 3 mW excitation source, which was a typical 
excitation wavelength for cell related Raman spectroscopic measurements. 
1
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In order to verify the above hypothesis, two control experiments are carried out as follows: 
System 2 control experiment 1: Polystyrene particles with diameters of ~5 µm are selected 
as the reference with comparable dimensions to those of yeast cells (~5 to 10 µm). As can be 
seen in Figures 4.12d−g, the PL intensity of polystyrene particles coated with 2D MoS2 
nanoflakes remains strong in the presence of the PBS buffer solution, further confirming that 
the positive ions from the solutions do not intercalate into 2D MoS2 nanoflakes without the 
presence of any driving forces.  
System 2 control experiment 2: In order to observe the PL modulation process during the 
transition of cells from viable to nonviable, methanol is added into the solution. Interestingly, 
the PL re-appears in the intercalated 2D MoS2 nanoflakes coated on the surface of initially 
viable cells which originally have no PL. The PL intensity increases with time, from the 
initial almost complete quenching state, to eventually be nearly equal to those of nonviable 
cells after 1 h (Figures 4.12d and h−j). This can be attributed to the fact that methanol renders 
the cells nonviable, disabling the functionalities of ion channels in the cell plasma membrane. 
Consequently, the K+ gradient and membrane potential are not able to be generated across the 
plasma membrane. Thus K+ ions cannot gain enough energy to intercalate into the 2D MoS2 
nanoflakes coating. Meanwhile, the intercalated ions within the nanoflakes are gradually 
deintercalated and released back into the solution, eventually causing the nanoflakes to regain 
their PL.  
 
4.4 Summary 
In summary, the author successfully demonstrated the employment of ion-controlled PL 
properties of 2D MoS2 nanoflakes in two biological model examples. These biological 
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systems operated on the modulation of the PL in the nanoflakes by the 
intercalation/deintercalation of H+ and K+ ions in the presence of extrinsic and intrinsic forces, 
respectively. The first model showed that the ion-driven PL modulation in 2D MoS2−GOx 
system can efficiently be used for sensing different concentrations of glucose at externally 
applied voltages smaller than −1 V. In the second model, the PL modulation of 2D 
nanoflakes was used for revealing the viability of yeast cells, which operated on the intrinsic 
cell membrane potentials. The work presented in this paper provides a strong base for the 
future exploration and incorporation of 2D materials in wider ion-related biological and 
medical fields, such as investigating metabolic activities, cell regulations, drug developments 
as well as studying nerve transmissions and blood constituents’ activities.   
In Chapters 5, intercalation compounds of 2D MoS2 nanoflakes will be synthesized by a 
sonication-assisted Li+ intercalation process with and without the irradiation of light. The 
HER performance of these developed 2D flakes will be assessed using an electrolysis cell. 
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Chapter 5. Intercalated 2D MoS2 Utilizing a 
Simulated Sun Assisted Process: Reducing the HER 
Overpotential 
 
5.1 Introduction 
Molybdenum disulphide (MoS2) in its two dimensional (2D) morphology has favorable 
catalytic properties for the hydrogen evolution reaction (HER). To fully take advantage of 
this capability and in order to enhance this material’s HER performance, viable methods for 
synthesizing and tuning electronic properties of 2D MoS2 should be developed. Here, the 
author demonstrates a facile and non-hazardous approach to partially intercalate Li+ ions into 
the 2D MoS2 host structure. The effects of intercalating Li+ ions, phase transformation on the 
electronic and optical properties of 2D MoS2 nanoflakes are investigated. The catalytic HER 
performance of these materials are evaluated in an electrolysis cell. The author shows that 
such an intercalation is possible in a non-hazardous saline Li+ containing solution using a 
grinding/sonication assisted exfoliation method in both dark and simulated sun irradiation 
conditions. A partial phase transformation from semiconducting (2H) to metallic (1T) phase 
is observed for the majority of flakes, after the process. The author observes a notable 
enhancement of the HER activity for samples prepared under light illumination in the 
presence of a Li+ containing solution, in comparison to both pristine 2D MoS2 samples and 
samples processed in dark. This method provides an effective approach for phase engineering 
of 2D MoS2 for enhancing its HER performance. 
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The content of this Chapter was published as a peer reviewed paper in Journal of Physical 
Chemistry C.1  
 
5.2 Experimental section 
5.2.1 Materials 
MoS2 powder was purchased from Sigma Aldrich (Fluka, Product Number: 69860, 99% 
purity). The powder had an average particle size of 6 µm. N-methyl-2-pyrrolidone (NMP, 99% 
anhydrous) and lithium perchlorate (LiClO4, 98% purity) were purchased from Sigma 
Aldrich and used without further purification. 
 
5.2.2 Synthesis of 2D MoS2 and Li+ intercalated MoS2 Nanoflakes 
Suspensions of 2D MoS2 and LixMoS2 were produced using a facile two-step 
grinding/sonication process,2-3 For the synthesis of 2D MoS2 nanoflakes, 150 mg of MoS2 
powder was added to 0.4 mL of NMP in a mortar and manually ground for 30 minutes. The 
mixture was placed in a vacuum oven to dry overnight at room temperature, then re-dispersed 
in 10 mL NMP. The obtained mixture was probe-sonicated (Ultrasonic Processor GEX500) 
for 90 minutes at a power of 125 W (20 kHz). The supernatant containing 2D MoS2 
nanoflakes was collected after being centrifuged for 90 minutes at a speed of 4000 rpm. The 
sonication time was chosen based on previously published studies.4 The same sonication 
duration was used for sonication-assisted intercalation process, both in the dark and under 
illumination. For the synthesis of 2D Li+ intercalated MoS2 nanoflakes, 0.1 g LiClO4 was 
added to the solution of re-dispersed MoS2 in NMP prior to sonication. The obtained 
suspension was divided into two equal parts. The first aliquot was probe-sonicated for 90 min 
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at 125 W power in the dark, the second aliquot was irradiated while sonicating, using a sun 
simulator modified from a broad spectrum light system (AM1.5 simulated light, Abet 
Technologies LS-150) at a power density of 100 mW cm-2. The intensities of the solar 
simulator light at its different wavelengths are presented in Figure 5.1. The same sonication 
duration of 90 minutes was used for sonication-assisted intercalation process, both in dark 
and under the sun simulator illumination. The schematics of the three processes are presented 
in Figure 5.2. The two batches of peocessed nanoflakes were collected in the supernatant 
after centrifugation for 90 min at 4000 rpm. 
 
 
Figure 5.1. Solar simulator light wavelengths and their corresponding intensities 
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Figure 5.2. The two-step grinding/sonication process: (a) sonication in NMP; (b) sonication 
in NMP with LiClO4 and (c) sonication in NMP with LiClO4 under simulated sun irradiation. 
5.2.3 Characterisation of 2D MoS2 and Li+ intelated MoS2 nanoflakes 
The nanoflake suspensions were diluted and their average lateral dimensions were measured 
using a dynamic light scattering (DLS) equipment (ALV fast DLS particle-sizing 
spectrometer). Atomic force microscopy (AFM - Phillips D3100, Digital Instruments) in 
tapping mode was used for assessing the thickness of nanoflakes. The nanoflake suspensions 
were dropped onto a 300 mesh copper holey carbon grid (ProSciTech, Australia) for high 
resolution transmission electron microscopy (HRTEM) imaging (JEOL 2100F) 
characterisation. The crystal structure was characterised by X-ray diffraction (XRD), with a 
Bruker D4 Endeavour wide-angle diffractometry equipped with a (Cu K-alpha) 0.15418 nm 
X-ray source. Raman spectra were obtained using a micro-Raman spectrometer (Renishaw 
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InVia microscope) with a 2400 l/mm blazed grating and a 457 nm, 20 mW laser excitation 
source. Acquisitions were carried out for 20 seconds with three averages using the ×100 lens. 
X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo 
scientific K-Alpha VG-310F instrument using aluminium monochromated X-rays (20 kV, 15 
mA) with the hemispherical energy analyser set at a pass energy of 20 eV for the peak scans. 
A Cary 60 spectrophotometer (Agilent Technologies) was used for obtaning UV-vis spectra. 
The nanoflake suspensions were diluted 6-fold in NMP before UV-vis measurement. The 
photoluminescence (PL) spectra of 2D nanoflake suspensions were obtained using a Perkin-
Elmer LS 55 luminescence spectrometer at multiple excitation wavelengths from 250 to 500 
nm. 
 
5.2.4 Hydrogen evolution reaction 
HER performances of pristine 2D MoS2 and MoS2 nanoflakes (processed in dark and under 
simulated sun illumination) were evaluated using a potentiostat (CHI760D, CH Instrument 
Co.) in linear sweep mode (scan rate 0.01 V/s) between −0.5 and 0.1 V vs RHE and 
impedance spectroscopy (EIS) technique. A conventional three-electrode setup was used for 
these measurements. The working electrodes were made by drop-casting of 2D MoS2 and 
LixMoS2 suspensions onto a mirror polished glassy carbon (MPGC) substrate. The surface 
area of 0.13 cm2 was defined through a kapton tape mask with defined dimensions. An 
Ag/AgCl (in 3 M KCl) reference electrode was used and a platinum wire was the counter 
electrode. The electrolyte contained 0.5 M H2SO4 in deionised water. 
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5.3 Results and discussion 
The lateral dimensions of the nanoflakes were measured by DLS (see Figure 5.3a), and the 
distribution of the dimension was determined by an equation developed by Lotya et al.5 The 
equation can be defined as: 
                                                 I = (0.07 ± 0.03)αSTU(.V±6.V)                                                 5.1 
 
in which L is the lateral dimension of nanosheet and αSTU is the intensity of particle size 
distribution obtained in DLS readings. All samples were found to show high polydispersity. 
The median lateral dimension for pristine 2D MoS2 nanoflakes was ~110 nm. The flake 
lateral dimension was reduced by approximately 8% upon sonication with the addition of 
LiClO4 in the dark and there was a further ~14% reduction of the size under simulated sun 
light irradiation. 
The thicknesses of the nanoflakes were assessed using AFM. Figures 5.3b−d present 
representative AFM images for pristine 2D MoS2 and processes nanoflakes. The AFM 
profiles clearly indicate that the change in the 2D nature of the flakes is retained after Li+ 
intercalation with and without the presence of sun simulation. 
The thicknesses of pristine 2D MoS2 ranges from 1.5 to 3.5 nm, corresponding to between 2 
and 5 fundamental layers (thickness of a single MoS2 monolayer is around 0.7 nm) which are 
shown in Figures 2b and 2e.6 The thickness of Li+ intercalated MoS2 nanoflakes synthesised 
in the dark and under light irradiation lies within a similar range (Figures 5.3c, d, f, and g). 
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Figure 5.3. (a) The lateral dimension distribution of the 2D MoS2 and processed nanoflakes 
using DLS; AFM profiles of (b) 2D MoS2; (c) 2D nanflakes synthesised in the prsence of 
LiClO4 without illumination, and (d) 2D under simulated sun irradiation (scale bar is 100 nm) 
and the statistical analysis of the layer thickness distribution of the samples (e, f, and g). 
HRTEM images of the edges of the nanoflakes in Figure 5.4 show that 2D MoS2 exhibits 
near perfect planar structure (Figure 5.4a), while Li+ intercalated MoS2 nanoflakes have 
disordered polycrystalline features (Figure 5.4b and c). This can be rationalised by the fact 
that the intercalated Li+ ions reside within the van der Waal’s gap of MoS2, resulting in 
topotactical transformation, expansion of crystal structure and eventually cracking of the 
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crystal.7-8 As can be seen from Figure 5.3g, the exposure to simulated light seems to result in 
the larger number of layers in flakes. The maximum number of flakes in sun simulated 
exposed samples is 4, while it is 2 for non-processed MoS2 flakes. This can be due to faster 
cracking of the flakes during the light illumination that cracks the flakes before the full 
exfoliation occurs. The crystal structures of the pristine and processed 2D nanoflakes were 
investigated using XRD observations. The XRD patterns shown in Figure 5.5a lead to the 
conclusion that the 2D MoS2 nanoflakes are presented in the 2H MoS2 phase with a dominant 
peak at 14.5o, reflecting the (002) plane (ICDD card no. 77-1716).9 The spacing between 
adjacent layers in the lattice is c/2 = 0.61 nm. The processed samples synthesised both in the 
dark and when illuminated present shifted (002) plane reflections at 13.6o and 13.4o, 
corresponding to interlayer distances of c1/2 = 0.65 nm and c2/2 = 0.66 nm respectively. This 
provides strong evidence for the intercalation of Li+ which the author links to the expansion 
of the lattice along the c-axis and formation of substoichiometric compounds.10 The increased 
expansion of the interlayer distance in the case of the sun light-assisted intercalation sample 
indicates a higher degree of Li+ intercalation, likely due to slightly increased reaction driving 
force and the induced optical field. Broadening of the (002) peak of the sonicated sample in 
the presence of LiClO4 indicate loss of crystallinity of the flakes and increased polydispersity. 
This is likely due to cracking of the crystal due to the higher degree of Li+ intercalation,11 
which is well consistent with the HRTEM observations presented in Figure 5.4. 
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Figure 5.4. (a) HRTEM image of a pristine 2D MoS2 nanoflakes. (b) HRTEM image of 2D 
nanoflakes synthesised in the presence of LiClO4 without illumination. (c) HRTEM image of 
2D under simulated sun irradiation. 
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Figure 5.5. (a) XRD patterns of 2D MoS2 and LixMoS2 nanoflakes. (b) Raman spectra of 2D 
MoS2 and the spectra change after Li+ ion intercalation. (c) XPS spectra of elemental Mo 
before and after intercalation. (d) XPS spectra of elemental Li after intercalation. 
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The effects of the sonication assisted Li+ intercalation on the crystal structure of 2D MoS2 
nanoflakes was also investigated using Raman spectroscopy. The Raman spectrum of 
reference 2D MoS2 in Figure 5.5b has two prominent peaks which are identified as the in-
plane mode WX 	located at 383 cm-1 and the out-of-plane mode X	at 407 cm-1.9, 12-14 
The WX 	Raman mode is shifted towards lower wavenumbers of 380 cm-1 (in comparison to 
383 cm-1 for pristine 2D MoS2) for both of the sonicated samples in the presence of LiClO4 
with and without exposure to sun simulators. There was no observable change in the position 
of the X  mode after the sonication. This indicates that the intercalated Li+ ions mainly 
suppresses the vibration of Mo−S bonds due to additional strain in the crystal lattice.9 This 
provides further evidence that when the bulk MoS2 is probe-sonicated in the presence of 
LiClO4, the Li+ ions are likely to be inserted into the exfoliated 2D nanoflakes under acoustic 
cavitation forces.15 Under sun light irradiation an additional field is providing driving force 
possibly enhancing the Li+ intercalation process in the 2D MoS2 nanoflakes.15 The 
intercalated Li+ ions in the 2D MoS2 planes occupy the interlayer S−S tetrahedron sites in 1T 
LixMoS2, resulting in a 2H→1T phase transition. The synthesis results in polytype 
superlattices and the formation of LixMoS2 compounds.16 
The wavenumber difference between the two Raman vibration modes can be used for 
identifying the number of MoS2 layers12 and this difference can be associated to the number 
of layers.17 As can be seen from Figure 5.5b, WX 	Raman mode peak shifts to a lower 
wavenumber after Li+ ion intercalation and the difference between WX 	and X	increases. 
This means there is an increase of the thickness according to the Raman measurements which 
is consistent with the AFM results in Figure 5.3. 
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The phase composition of the intercalated nanoflakes was studied by XPS. For the pristine 
2D MoS2, as shown in Figure 5.5c, the Mo 3d spectrum consists of peaks at approximately 
229.5 and 232.5 eV that correspond to Mo4+3d5/2 and Mo4+3d3/2 components, respectively, 
which indicates that the Mo keeps the +4 oxidation state and the pristine 2D crystal structures 
is dominated by the 2H semiconducting phase.4, 18 When the bulk MoS2 is probe sonicated in 
the presence of LiClO4 under the exclusion of light, shoulders appear at 231.3 and 228.2 eV. 
Deconvolution of the signal reveals additional peaks that are shifted to lower binding 
energies by ~1.2 eV with respect to the Mo 3d peak positions of the pristine MoS2, 
suggesting that parts of the crystal exhibit a 2H→1T phase transition.4, 19 The composition 
ratio between 1T and 2H phases is nearly 0.5 and the amount of intercalated Li+ ions (x) 
equals to approximately 0.3 for LixMoS2, estimated by the ratio of the 2H to 1T Mo 3d5/2 
peak areas using the method demonstrated by Wang et al..19-20 Deconvolution of the XPS 
data corresponding to the light-assisted intercalation sample reveals that the binding energies 
of these emerging peaks are downshifted and their intensities are further enhanced, indicating 
that a greater portion of the 2D MoS2 nanoflakes undergo the 2H→1T phase transition. The 
eventual phase composition ratio between 1T and 2H is increased to 1.33 and x = 0.8 for 
LixMoS2.19-20 The photoenhanced Li intercalation yield in 2D LixMoS2 nanoflakes is directly 
confirmed by the increase of the Li 1s region count (Figure 5.5d). All in all, the sonication 
assisted intercalation method, both in the dark and under simulated sun illumination, was 
proven to be an efficient approach to alter the phase composition of 2D MoS2.  
The electronic band structures and optical properties of pristine 2D MoS2 and intercalated 
LixMoS2 were studied further by measuring their absorption spectra using UV−vis absorption 
spectroscopy (Figure 5.6). The spectrum of pristine MoS2 shows two distinct absorption 
maxima at approximately 615 nm and 670 nm, corresponding to A and B excitonic peaks 
arising from the K point of the Brillouin zone.21-22 After Li+ intercalation, these excitonic A 
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and B peaks are quenched. This provides further evidence that the crystals are dominated by 
1T phase.23 Interestingly, for the samples sonicated in the presence of LiClO4, a new 
absorption peak at ~350 nm appears which is more prominent for the samples synthesised 
under light irradiation. This additional peak represents the plasmon resonance of LixMoS2 
originating from the increased free charge carrier concentration (electrons) generated by the 
Li+ ions intercalation, which is in accordance with our previous study.7 
 
Figure 5.6. UV−vis absorbance spectra of the 2D MoS2 and LixMoS2 nanoflakes. ExA and 
ExB indicate the excitonic resonances A and B of 2H MoS2. 
The PL properties of pristine 2D MoS2 nanoflakes and intercalated nanoflakes, prepared both 
in the dark and under light irradiation, were also investigated. The PL spectra of each sample 
excited at various wavelengths (250, 300, 350, 400, 450, and 500 nm) are shown in Figure 
5.7a-f. It was found that the pristine 2D MoS2 nanoflakes have excitation-dependent PL 
emission characteristics.19, 24-25 Red shifting of the PL emission peaks with increasing 
excitation wavelengths was observed (Figure 5.7a-f) which has been linked to quantum 
confinement effects in laterally polydisperse samples.26-28 Upon the absorption of photons 
with sufficient energy, excitons are generated.29 These electron-hole pairs remain attracted to 
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each other through coulomb forces which are relatively strong in smaller nanoflakes, 
increasing confinement of excitons in low dimensional materials. Therefore low energy PL 
emission peaks seen here correspond to the direct band-gap recombination of flakes with 
relatively large lateral dimension, while both large and small flakes contribute to the high 
energy PL emission. The samples of 2D MoS2 intercalated with Li+ ions show more 
quenched PL properties. This is likely to be linked to the phase transition of the nanoflakes 
from the original semiconducting (2H) to the metallic phase (1T).4 However, it is observed 
that the PL intensity is quenched to a much larger degree at smaller emission wavelengths, 
while there is almost no change for PL measurements excited using 450 and 500 nm 
wavelength sources. This indicates that sonication-assisted Li+ intercalation is more efficient 
in smaller flakes compared to larger flakes regardless of whether sun light is applied during 
the grinding/sonication process. This is likely due to the existence of a larger density of 
surface and edge defects in small flakes, that are favourable for ion intercalation.30 
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Figure 5.7. PL spectra of MoS2 and LixMoS2 under excitation wavelengths of (a) 250, (b) 
300, (c) 350, (d) 400, (e) 450, and (f) 500 nm. 
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To gain insight on whether the phase transition from 2H to 1T can lead to increased catalytic 
activity and therefore reduce the overpotential of HER, the materials were tested in an 
electrolysis cell. Figure 5.8a shows the current density (J) plotted against the applied 
potentials vs reversible hydrogen electrode (RHE) for 2D MoS2 and LixMoS2 nanoflakes. The 
obtained polarisation curves after iR-correction for LixMoS2 show high catalytic activity, with 
an onset of HER activity at approximately −150 mV vs RHE. This onset potential is similar 
to most of the MoS2 based catalysts.31 The excellent H2 evolution currents of 3.1 and 
7.2 mA/cm2 were observed at about −300 mV vs RHE. The HER electrocatalytic activity of 
2D LixMoS2 nanoflakes was further investigated through Tafel plot analysis, wherein the 
slopes were found to be 110, 92 and 58 mV per decade (mV/dec) for 2D MoS2, LixMoS2 
synthesised without and with simulated sun irradiation, respectively
 
(Figure 5.8b). These 
numbers show that while for non-irradiated sample the Tafel reaction dominates for the sun 
simulated irradiated sample the Volmer reaction dominates.32  
It is important to mention that the observed Tafel slope for Li+ intercalated samples is still 
higher than that of previous reports on pure 1T MoS2 in which Tafel slopes in the order of 40 
mV/dec are reported.20, 33-34 The outcomes of our study, however, are comparable with defect 
rich MoS2 systems.35 Xie et al. engineered defect structures which led to the increased 
exposure of active edge sites through the formation of cracks on the nanosheet surface. The 
Tafel slope was found to be in the order of 50 mV/dec when defects were introduced into the 
MoS2 structure.35 
The higher conductivity of the processed LixMoS2 samples is due to the reduction of 
resistivity across the basal planes of the flakes, leading to more efficient electron transfer 
across these planes. This is also confirmed by electrochemical impedance spectroscopy which 
is presented in Figure 5.8c. As can be seen, the Nyquist plots reveal that in comparison to 
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non-processes MoS2 sample, decreased charge-transfer resistance is seen for both LixMoS2 
samples. The effect is much more dramatic for the sample that was developed by the 
exposure to simulated light, resulting in a relatively more facile electron transfer between 
LixMoS2 flakes and the HER electrode. 
The reaction kinetics are significantly enhanced in the samples of sonication-assisted Li+ 
intercalated MoS2, synthesised in the dark and under broad spectrum illumination. The Tafel 
slope was found to be remarkably reduced by 16.4% and 47.3% for samples synthesised in 
the dark and under sun illumination respectively, when compared to 2D MoS2. The low Tafel 
slope suggests that the hydrogen desorption process is the rate determining step.32-33, 36 There 
are several factors that may give rise to the enhanced HER activity of 2D LixMoS2. Mo-edges 
contribute to the catalytic activity in a much larger extent than S-edges due to the lower 
hydrogen binding site energy. Introducing Li+ ions into the 2D structure can lower the S-
edges site energy while maintaining the site energy of Mo-edges, hence increasing the 
activity of sites with previously low activity.30 Secondly, samples synthesised under 
simulated sun illumination are smaller in lateral dimension, leading to a larger ratio of highly 
active edge sites to the overall material volume.30 It seems that in our work the number of 
layers has less effect on the reduction of HER overpotential in comparison to the lateral 
dimension. The number of layers is 2 for exfoliated MoS2 flakes and 4 for the light processed 
flakes, and the MoS2 flakes have also larger lateral dimensions, hence relatively larger 
surface-to-volume ratio, than the light processed flakes. Obviously, the effect of surface 
defects and edges are more important in making the HER system more efficient than 
enhanced surface-to-volume ratio in this specific case. 
Furthermore the increased d-spacing may also reduce steric hindrance at the flake edges, 
increasing the accessible volume around the catalytic sites leading to increased activity. The 
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increased conversion yield to the 1T metallic phase during broad spectrum illumination leads 
also to increased conductivity of nanoflakes, which will reduce ohmic losses during 
electrolysis.27  
 
Figure 5.8. (a) Polarisation curve. (b) Tafel slopes for the three samples. (c) EIS Nyquist 
plots of the three samples. (d) The durability test of LixMoS2 synthesised by light assisted 
intercalation method with an applied voltage of −300 mV for 7200 s in a 0.5 M H2SO4 
solution 
Altogether, the increased HER activity in our study is likely to be a combination of the 
aforementioned effects. The decrease of the Tafel slope suggests that the density of both 
active catalytic edges and defect sites are increased through the intercalation of Li+ ions. The 
catalyst property was also increased due to the partial 2H→1T phase transition, resulting in 
enhanced HER reaction kinetics and improved conductivity.30 
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Further optimisation of the intercalation process and improved starting materials consisting of 
smaller MoS2 flakes could result in better outcomes. Improvements in the design of the 
electrolysis cell may also lead to higher current densities. 
In addition to the HER activity, another crucial parameter for the practical applicability of the 
catalyst is the stability test. In order to evaluate the stability of the catalyst in the acidic 
solution (0.5 M H2SO4), a stability test was conducted using LixMoS2 synthesised by light 
assisted intercalation method in the HER. The cathodic current was measured in time at the 
applied potential −300 mV for 7200 s. As present in Figure 5.8d, there is only a moderate loss 
of ~15% after 7200 s of continuous running, suggesting reasonable durability. 
 
5.4 Summary 
In summary, the author successfully demonstrated a facile synthesis method for the 
preparation of LixMoS2 based on grinding / probe sonication in presence of a Li+ containing 
salt (LiClO4) in the presence and absence of simulated sun irradiation. After Li+ ion 
intercalation, nanoflakes with smaller lateral dimensions and larger interlayer d-spacings 
were obtained. The success of the intercalation, achieving smaller flakes and the presence of 
Li+ ions in the interlayer spacing were demonstrated utilising a suit of characterisation 
techniques. The simultaneous phase transition of a significant portion of the materials from 
the semiconducting 2H phase to a metallic 1T phase alongside the Li+ intercalation process 
was observed.  
Due the energy applied during the process and when Li+ ion presented in the solution, partial 
intercalation occurred and an increased defect density was created in the nanoflakes. The 
intercalation effect was more enhanced under the exposure to simulated sun. The LixMoS2 
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synthesised by our light assisted intercalation method exhibits high HER activity with 
small overpotential of 150 mV and Tafel slope of 58 mV/dec.  
The main advantage of the proposed process is its use of a green and non-hazardous process 
that only uses sun energy and lithium salt. It does not include hazardous liquids such as 
butyllithium and is highly scalable in comparison to electrochemical intercalation processes. 
The demonstrated method is straightforward and simple. As such, it is translatable to other 
intercalating guests and other TMDs hosts. 
In the next chapter, the author will present a summary of his PhD thesis and discusses future 
works related to his PhD research project.  
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Chapter 6. Conclusions and future works 
 
This PhD project resulted in a number of internationally recognised research outcomes in 
fields relevant to the intercalation of two-dimensional molybdenum disulphide (2D MoS2). 
The major findings of each stage of this PhD research project are summarised as follows: 
Stage 1 
• In the first stage, the author demonstrated a facile and reliable approach for active 
control of the PL in the liquid-phase-exfoliated 2D MoS2 nanoflakes using 
electrochemically manipulating the amount of intercalating Li+, Na+, and K+ ions into 
the MoS2 crystal structure.  
• In addition, this kind of controlling process was demonstrated to allow for large 
photoluminescent (PL) modulations, short response and recovery times, as well as 
excellent reversibility. The intercalations of these ions led to the lattice expansion in 
MoS2 as well as the transformation of a significant portion of the crystal from 
originally 2H into 1T crystal phase. This consequently resulted in the alternation of 
the electronic band structure, exhibiting a semiconducting to metallic state transition, 
which contributed to the PL quenching. The author also demonstrated that the 2H 
MoS2 crystal phase was almost restored after the deintercalation of ions. 
• This reversible controlling approach will provide a viable solution to develop a high 
performance and practical nanostructured PL system based on 2D MoS2 with active 
controllability. The demonstrated phenomenon can also play an important role in 
developing highly sensitive photoelectrochemical sensors as well as high-performance 
optical modulators and solar cells. Additionally, this controlled PL will also offer 
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great opportunities for the development of optical displays and switches at relevant 
wavelengths. 
Stage 2 
• In this stage, the author successfully demonstrated plasmon resonances of ultradoped 
2D MoS2 nanoflakes in the visible and near UV regimes by the electrochemical 
intercalation/deintercalation of Li+ ions into and out of 2D MoS2 nanoflakes.  
• The doping level was controlled by the electrochemical forces, allowing the 
emergence of the plasmon resonance peaks due to the formation of semi metallic 
states. The applied electrochemical voltages of less than −6 V facilitated the transition 
of semiconducting MoS2 to metallic LixMoS2, while voltages less than −8 V resulted 
in the transformation from intercalated 2H to 1T phase. The electron energy loss 
spectroscopy (EELS) and solvent effect were used for confirming the presence of 
plasmon resonances.  
• The theoretical calculations of the plasmon resonances were in agreement with the 
measurements, which further confirmed that the plasmonic of ultradoped 2D flakes 
was the possible reason for the observations. An application of the nanoflakes was 
demonstrated using a model bovine serum albumin (BSA) based biosensing process. 
The presented 2D flakes have a great potential for future plasmonic biosensing and 
optical systems. 
Stage 3 
• In this stage, the author successfully demonstrated the employment of ion-controlled 
PL properties of 2D MoS2 nanoflakes in two biological model examples.  
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• These biological systems operated on the modulation of the PL in the nanoflakes by 
the intercalation/deintercalation of H+ and K+ions in the presence of extrinsic and 
intrinsic forces, respectively.  
• The first model showed that the ion-driven PL modulation in 2D MoS2–GOx system 
can efficiently be used for sensing different concentrations of glucose at externally 
applied voltages smaller than −1 V.  
• In the second model, the PL modulation of 2D nanoflakes was used for revealing the 
viability of yeast cells, which operated on the intrinsic cell membrane potentials.  
• The work presented in this paper provides a strong base for the future exploration and 
incorporation of 2D materials in wider ion-related biological and medical fields, such 
as investigating metabolic activities, cell regulations, drug developments as well as 
studying nerve transmissions and blood constituents’ activities. 
Stage 4 
• In the final stage, the author successfully demonstrated a facile synthesis method for 
the preparation of LixMoS2 based on grinding/probe sonication in the presence of a 
Li+ containing salt (LiClO4) in the presence and absence of simulated sun irradiation. 
After Li+ ion intercalation, nanoflakes with smaller lateral dimensions and larger 
interlayer d-spacings were obtained. The success of the intercalation, achieving 
smaller flakes, and the presence of Li+ ions in the interlayer spacing were 
demonstrated utilizing a suit of characterization techniques. The simultaneous phase 
transition of a significant portion of the materials from the semiconducting 2H phase 
to a metallic 1T phase alongside the Li+ intercalation process was observed. 
• Because of the energy applied during the process and when Li+ ion presented in the 
solution, partial intercalation occurred and an increased defect density was created in 
the nanoflakes. The intercalation effect was more enhanced under the exposure to 
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simulated sun. The LixMoS2synthesized by our light-assisted intercalation method 
exhibits high HER activity with a small overpotential of 150 mV and a Tafel slope of 
58 mV/dec. 
• The main advantage of the proposed process is its use of a green and nonhazardous 
process that only uses sun energy and lithium salt. It does not include hazardous 
liquids such as butyllithium and is highly scalable in comparison to electrochemical 
intercalation processes. The demonstrated method is straightforward and simple. As 
such, it is translatable to other intercalating guests and other TMD hosts. 
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The author of this PhD thesis has also had the opportunity to present the outcomes of his 
work in a high profile international conference under the topic of “First two dimensional 
semiconductor conference” which was held in Dublin, Ireland on 7-9 July 2014 and presented 
his work on “Electrochemical Modulation of Photoluminescence in 2D MoS2” 
 
Recommendations for future works 
Significant advancements in the area of 2D MoS2 based intercalation compounds, their 
characterisations and applications have been achieved during the course of this PhD project. 
However the author proposes that there still exists many other opportunities for continuing 
research in alignment with those presented in this thesis, and recommends the following as 
future works: 
• Most of the 2D nanoflakes in this thesis were synthesized using liquid exfoliation 
techniques. However, the nanoflakes obtained from this method results in laterally 
polydispersed morphologies and are challenging to be placed onto Si/SiO2 substrates 
at highly controlled orientations, which is commonly used for making devices. 
Therefore, the study of the patterned MoS2 on functionalised Si/SiO2 substrates might 
be a solution to this problem. 
• The author suggests that other researchers should devise methods for improving 
performance of catalytic activities using hybrid of 2D MoS2 nanoflakes. This 
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compounding can be carried out using materials such as quantum dots, graphene and 
carbon nanotubes. The same processes can be applied to the hybrids of other 
transition metal dichalcogenides (TMDs) nanoflakes. 
• The author proposes to extend the plasmonic applications of intercalated 2D MoS2 for 
telecommunication systems. The author has already shown that the propagation loss 
of plasmonic intercalated 2D MoS2 can be much less than that of many of its 
counterparts. This provides real opportunities to search for 2D structures of practical 
values in establishing plasmonic components.   
• The concept of biosensing and using the intercalated compounds of 2D MoS2 in 
biosesystems should be further investigated. It is possible to investigate ionic and 
charged intercalation compounds other than H+, Li+, Na+, and K+ ions for such 
applications. These compound materials should be fully studied for their applications 
in biosensing, drug delivery and therapeutics. 
 
 
